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Pacadar is a precast concrete company, headquartered in Madrid, Spain, that had proposed a 
research project to the University of Illinois based on their need to nondestructively characterize 
steel fiber dispersion and orientation within concrete wind-tower elements in order to ensure 
adequate structural capacity. This thesis documents the nondestructive testing research effort. A 
literature review was performed and preliminary laboratory tests were carried out, all of which 
indicated that electrical and magnetic methods exhibited much promise with regard to steel fiber 
characterization.  Specific focus was given to electrical surface resistivity, and specimens were 
designed to be representative of the final production elements, both in terms of fiber content and 
reinforcing steel dimensions.  Moisture content and maturity were found to be major factors that 
affected the measured surface resistivity, as both factors related to the conduction of electricity 
through the internal pore network of concrete.  When reinforcing steel (i.e. internal rebar) was 
considered, a decrease in resistivity was observed and the effective reduction in average resistivity 
was similar in both specimens, with and without steel fibers.  Also, when varying the angle of the 
resistivity probe relative to a reinforcing bar, the presence of steel fibers had more of an effect 
compared to the plain sample as the resistivity reading was more influenced by the individual steel 
fibers rather than the single steel bar.  From the field testing, it was found that the predictions based 
on the resistivity testing matched the expected fiber dispersion and orientation in large prestressed 
panels and validation through destructive means (i.e. coring) is underway.  There is more work 
that could be done in the area of nondestructive testing for SFRC (e.g. radar testing), but the results 
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Developments in construction materials have paved the way for steel fiber reinforced concrete 
(SFRC) to be a viable building material for structural applications.  However, material variability 
concerns, which are inherent to the addition of fibers in the concrete matrix, must be addressed.  
Pacadar, a precast concrete company, desired a way to ensure that the variability was controlled 
and monitored in order to guarantee adequate structural capacity of their large, precast structural 
elements.  Nondestructive techniques can be employed to compliment, or replace, the current 
destructive methods of quality control to address this issue.  Electrical- and magnetic-based 
methods show promise for nondestructive characterization of fiber properties in SFRC, because 
the techniques utilize the conducting nature of the steel fibers.   
1.1. FIBER REINFORCED CONCRETE 
Fiber reinforcement has been used as a constituent in building materials beginning with ancient 
construction practices and developing to modern advances in materials.  Straw was used in brick 
production serving as both fiber reinforcement for strength and as a mitigation measure against 
shrinkage, however the effectiveness of straw fibers was limited due to the organic nature of the 
straw and the inevitable decay [1].  Still, fiber reinforcement has been crucial to building materials 
and the technology is becoming more effective. As technology progressed, so did the use of 
reinforcing fibers.  Asbestos fibers were used in 20th century concrete construction, as well as in 
other types of composite materials [1].  This led to trials of steel fibers in the 1960’s and further 
development and implementation [2].  
Current use includes carbon, glass, polymer, and steel fibers [2].  Steel fiber reinforcement has 
been used, either as the sole reinforcement or in combination with reinforcing steel rebar, to 
improve many characteristics of concrete, including, increased tensile strength and ductility, 
resulting from the crack bridging effects fibers, and improved cracking resistance to shrinkage 
[1,2].  There are, however, limited applications of fiber reinforced concrete due to the uncertainty 
of the distribution properties.  Structural applications will only be proven safe when standardized 
methods are available for verifying the orientation and dispersion of fibers in concrete elements, 
rather than simply from representative specimens.   
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1.1.1. Material Properties 
Concrete is a large scale heterogeneous material made up of various constituents.  Depending on 
the intended use, the concrete can be specified as normal strength or high strength.  There are also 
growing applications of self-consolidating and ultra-high performance concrete.  Various 
admixtures work to improve the properties of concretes during mixing, casting, finishing, and 
ultimately the final properties of the cured element.  The concrete specimens provided by Pacadar 
are closer to high performance concrete due to the mix proportioning.  The concrete matrix was 
very dense due to the smaller aggregates and use of fine particle filler.  Also fibers are incorporated 
into the mix, both steel and polymer, to improve performance.   
ASTM C1116 – Standard Specification for Fiber Reinforced Concrete contains a brief overview 
of the various applications and provisions for using fiber reinforcement in concrete [3].  Fiber 
reinforced concrete (FRC) is a composite material where different of types of fibers can be added 
to improve certain aspects of concrete.  Most design provisions are empirical and based on a 
probabilistic approach to estimate the properties and performance [2].   
1.1.2. Desired Properties and Application 
There are a variety of benefits provided by the addition of fiber reinforcement to concrete.  While 
in most cases the addition of fibers has no significant effect on the compressive strength of a 
concrete specimen, the real benefit is in the increased material toughness.  Toughness is increased 
due to greater material ductility as well as post cracking strength [2].  Reinforcing fibers will bridge 
cracks that develop in the regions of tensile stress and allow for stress redistribution, ductile failure, 
and high deflections past critical load.  In contrast, unreinforced concrete is relatively brittle and 
the failure will be immediate after rupture stress is reached.  There are also benefits with regards 
to improved impact resistance, fatigue strength, and reduced plastic shrinkage cracking [1].   
1.1.2.1. Fracture 
Concrete is weak in tension and is therefore prone to cracking.  Tensile stresses can manifest in 
concrete elements under any type of loading, and when this happens cracking is immediate with 
little plasticity.  Once a crack is initiated, the crack will propagate through a sample and lead to 
failure.  To combat the issue of sudden failure, steel bars are placed in the anticipated tensile zones 
of the reinforced concrete elements.  Even with normal design practices, cracking can occur and 
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reduce strength, serviceability, and durability properties of the element.  The issues with concrete 
and fracture have led to the rising use of fibers as an additional component in design.   
The fiber reinforcement adds toughness through two failure mechanisms: fiber pullout and fiber 
fracture.  The desired mechanism to improve flexural ductility is fiber pull out, whereas fiber 
fracture is a secondary effect as pull out tends to occur before fiber fracture [1, 2, 4].  After the 
first crack in the matrix, the fibers work to transfer stress across the crack and reduce stress at the 
crack tip.  As the crack propagates, the fiber-matrix bong begins to fail and the fibers pull out of 
the concrete matrix [1, 2, 4].  Even during pullout, the fibers slow crack propagation and dissipate 
strain energy through plastic deformation of the steel fibers.  Eventually, the fibers will completely 
pull out and the concrete will fail.  Figure 1.1 shows an illustration of a typical crack where the 
fibers sufficiently control crack propagation until fiber fracture or pull out.  The desired fracture 
mechanism requires a sufficient amount of fibers in the matrix and a random orientation such that 
the fibers will bridge any potential crack.   
 
Figure 1.1: Illustration of crack bridging effect of fibers [2]. 
1.1.2.2.  Toughness 
The improved fracture behavior of concrete results in increased material toughness.  Toughness is 
a measure of the energy required to cause failure and can be correlated to the area under a load 
versus deflection plot.  An example of load deflection behavior is shown in Figure 1.2.  Plain 
concrete will reach a critical load, resulting in tensile stress initiating a crack, and ultimate failure.  
Adding fiber reinforcement may slightly increase the peak load but will have a much greater effect 
on the post-peak response [1, 2].  The crack bridging and fiber pull out allows for a sustained load 
to be applied under a continued deflection.  It is difficult to directly quantify and design for this 
type of behavior, as it is beyond what would typically be considered ‘failure’ of an element.  It is 
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also difficult to predict this behavior as the response is dependent on the amount of fibers bridging 
the crack.   
 
Figure 1.2: Expected load-deflection behavior for plain and fiber reinforced concrete [2]. 
1.1.2.3.Applications 
Most use has been limited to non-structural applications where the fibers are used as a performance 
and durability aid.  The majority of applications are slabs on grade and shotcreting projects, with 
only a minimal amount of use in the precast industry [2].  Steel fiber reinforcement has been used 
for slabs on grade for several reasons.  First of all, there is an added benefit of steel fibers in stress 
redistribution due to thermal effects where expansion cracking can be minimized and controlled.  
Steel fibers have also been added to shotcrete or precast panels which are used in tunneling 
applications.  There are also prestressed applications of fiber reinforced concrete for structural 
panels for roofs and façades. The intended use for the elements examined in the work presented 
here was in wind-towers for power generation. 
1.1.3. Destructive Testing 
While there are clear benefits to using fiber reinforcement in concrete, issues arise with regards to 
the actual performance of the specimen.  As mentioned, concrete is a heterogeneous, anisotropic 
material and the addition of fibers adds another level of uncertainty to the material properties.  
However, there are many destructive tests used for quality control purposes to verify that some of 
the desired properties of an SFRC element are obtained.  During casting, samples can be taken 
from the concrete being poured.  The fibers can be separated from the concrete matrix in order to 
estimate the as-poured fiber density.  Similarly, cores can be taken and crushed allowing for the 
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fibers in the specimen to be counted.  If a core is taken, an x-ray image can also be produced to 
determine distribution properties of the steel fibers. 
There are also tests that measure toughness properties of SFRC specimens made in the laboratory.  
These include ring panel tests, various bending tests, and tests on notched specimens.  For example, 
ring panel tests described in ASTM C1550 use disk specimens and a load frame applying a force 
at the center is an emerging method for fiber reinforced concrete characterization [5].  Similar to 
plain concrete prism specimens, three point pending tests can be used to find the modulus of 
rupture.  Also, the deflection or crack mouth opening displacement can be measured to correlate 
to toughness properties of the specimen.  Notched bending can also be performed, further 
controlling the initial crack mouth opening and test setup.  There have also been direct tensile tests 
performed on notch specimens.   
The goal of all of these tests was to ensure the desired properties of the SFRC element are obtained, 
and the element will meet a serviceability requirement.  While the tests on representative 
specimens are useful, there is still much uncertainty.  Also, there are no current standardized tests 
that directly quantify the performance characteristics nor are there any methods for nondestructive 
evaluation of (besides radiographic methods).  Thus, nondestructive evaluation is the next logical 
step in quality control of SFRC, and can be used to either supplement or replace the destructive 
testing.   
 
1.2.PACADAR 
Pacadar is a precast, prestressed concrete manufacturer headquartered in Madrid, Spain.  Pacadar 
has asked the University of Illinois CEE department to develop a nondestructive testing (NDT) 
plan, complete with equipment and software, to use in the various Pacadar production facilities 
throughout Spain.  Final prestressed concrete production elements will be used for wind turbine 
towers, and supplementary reinforcement will be provided by incorporating steel fibers into the 
design.  The goal for Pacadar’s in-house quality control was to quickly assess large, completed 
production panels in a reasonable timeframe with only a minimal amount of training.   Testing 
should require the operator to have limited skills such that any technician can perform the test.  
The results of the test should accurately determine fiber dispersion and orientation within the panel.  
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Panel size and operator training were the two factors that initially drove the NDT research but the 
changing geometry of the conical panels, the reinforcement layouts which varied in both cover 
depth and spacing, and finally the available NDT tools (ideally commercial) also needed to be 
considered. 
Due to the size of the production panel elements, the technician would likely have access to only 
one side of the panel.  For repeatability and transfer between facilities, the testing plan requires off 
the shelf equipment that required minimal modification or additional fabrication.  As described in 
Chapter 2, most test methods required access to only one side of the specimen.  However, they 
have typically employed laboratory-made equipment.  In order that the proposed quality control 
measures will be maintainable indefinitely (and throughout multiple production facilities), it is 
important to utilize currently available equipment and data processing be performed using 
common software.   
Fiber dispersion is a key material property and is a major factor dictating the concrete properties.  
Orientation of the fibers is also important, but the desired orientation is project dependent.  A 
random orientation is usually desired to allow for equal probability of crack bridging while a 
preferred orientation would be beneficial as additional reinforcement in a given direction.  The 
casting procedure (e.g. concrete flow), reinforcement layout, and panel geometry can influence 
dispersion and orientation and it is also important to consider fiber segregation through the 
thickness, or depth, of the element.  Figure 1.3 to Figure 1.5 show several issue with steel fibers 




Figure 1.3: X-ray tomograph of section aligned fibers from flow properties as well as 
disruption due to tendon; courtesy of Pacadar. 
 
 






Figure 1.5: Tomograph showing flow alignment and segregation of fibers; courtesy of 
Pacadar. 
Aside from the direct need of Pacadar, the research also focused on the effect of steel fibers on any 
quality control method in concrete.  For example, there was found to be significant impact on 
ground penetrating radar results due to the steel fibers and the tendency to segregate to the bottom 
of samples.  Also, it is important to consider when testing will be performed to consider moisture 
and maturity effects.  Various nondestructive testing methods can be employed to monitor the 
different issues.  Depth of investigation or two sided access may be useful for a full 
characterization.  Also, there is a need to differentiate between the responses of the concrete matrix 
itself and the responses of the composite concrete-steel fiber system.  Chapter 3 discusses the 
limitations of the NDT method. 
 
1.3. SUMMARY OF THESIS 
Chapter 1 has provided an introduction and the motivation for the current study.  The discussion 
on fiber reinforced concrete (FRC) provided background information critical to understanding the 
need for the research plan.  There are challenges to overcome related to the added variability from 
the inclusion of steel fibers in concrete materials.  Chapter 2 reviews current nondestructive testing 
(NDT) methods available for characterization of concrete.  Also, Chapter 2 provides a 
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comprehensive literature review of the relevant research.  Specifically, several significant studies 
on steel fiber reinforced concrete (SFRC) characterization are included which document the 
history of work done to date.  Chapter 3 documents the preliminary testing performed on SFRC 
beam specimens provided from Pacadar.  The beams were assumed to be controlled and 
representative of the actual elements to be characterized.  Based on the interpretation of results 
from the testing performed in Chapter 3, controlled specimens needed to be cast and a more 
rigorous examination of the equipment capabilities was required.  Chapter 4 documents the 
laboratory phase of testing, specifically the effect of various parameters (e.g. internal reinforcing 
steel bars) all while trying to match the specifications of the final production elements.  The 
laboratory testing in Chapter 4 was critical to the planning and interpretation of field testing.  
Chapter 5 documents the field testing performed at UIUC and Chapter 6 discusses the 
implementation at the Pacadar precast facility near Sevilla, Spain.  Chapter 7 concludes with a 
critical review of the work completed and recommendations for future work in the field of SFRC 
characterization.    
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2. CURRENT STATE OF PRACTICE 
2.1. INTRODUCTION 
The following chapter will outline the theory behind the available nondestructive test (NDT) 
methods and will summarize the relevant literature.  There are many NDT methods available to 
monitor properties of concrete, both for laboratory and field specimens.  The methods utilize 
fundamental physical principles, and those of specific interest are based on the electricity and 
magnetism.  While the nondestructive tests can be performed on plain or reinforced concrete, the 
main focus for this project will be with regards to steel fiber reinforced concrete (SFRC).  Relevant 
methods and literature related to NDT of plain concrete will also be discussed for their usefulness 
in quality control and any applicability to SFRC.   
Steel fiber properties within SFRC elements have been characterized using a number of NDT 
methods, and the overall goal is to understand the fiber dispersion and orientation within the 
elements.    Several studies have reported, and field observations have shown that the fibers tend 
to align perpendicular to the direction of casting and flow of the fresh concrete [13, 19].  While 
the assumed flow alignment of fibers can be helpful as an estimate of the orientation, further 
characterization is required especially when considering disruption due to internal reinforcing steel 
bars.  Regardless of the method, it is clear that the presence of the steel fibers has an effect of the 
electrical and magnetic properties of the concrete and that there is potential to characterize the 
steel fibers in a cement matrix with NDT. 
2.2. NONDESTRUCTIVE TESTING (NDT) METHODS 
Nondestructive testing (NDT) is a valuable tool in many fields of research and professional 
practice.  The methods can be used when a given specimen needs to remain functioning, or when 
damage must be limited.  NDT for concrete materials is dominated by a few main categories of 
methods (e.g. mechanical wave, electro-magnetic, radiographic), but their applicability and 
extensions are sufficient to tackle a wide range of problems.  For examples, surface resistivity 
(Section 2.2.2) is typically employed to assess structural concrete for likelihood of corrosion.  
However, the operating principle can be extended to characterization of steel fiber content (based 
on literature and the testing discussed in Chapters 3, 4, & 5).   
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2.2.1. Electrical Resistivity 
Plain concrete is as a material capable of conducting electricity.  The pore solution is electrolytic 
which allows for charge to flow through, but conduction depends on the connectivity and chemical 
properties of the pore network.  The actual bulk conductivity is controlled by many properties 
including age, mix proportions, and moisture content [2].  The presence of metallic inclusions also 
will affect surface resistivity.   
Electrical resistivity testing has been used for many years in the field of geotechnical and 
archaeological surveying [6].  The techniques used in the large scale testing of soils have been 
scaled down for applications to concrete.  Various electrode configurations and types of equipment 
have been used [7].  Ohm’s Law states that a current flowing through a medium will generate a 
resulting electrical potential field.  Alternately, an induced electric potential field will induce 




                                                                               (1) 
where V is the electric potential (in Volts) and I is the current (in Amps).  Resistance is measured 
in Ohms.   
The current or voltage can be either direct current (DC) or alternating current (AC).  DC is 
frequency independent and the voltage (or current) is held constant with respect to time.  AC 
however is dependent on the frequency in that the voltage (or current) is continuously being 
reversed, essentially inverting the direction of electric flow.  The voltage and current are then 
functions of time, t, and their peak values, Vpeak and Ipeak, such that 
𝑉(𝑡) = 𝑉𝑝𝑒𝑎𝑘 𝐹(𝑡, 𝜔)                                                        (2) 
or                                                                     𝐼(𝑡) = 𝐼𝑝𝑒𝑎𝑘 𝐹(𝑡, 𝜔)                                                         (3) 
where F(t,ω) is some function of time, angular frequency, ω.  For example, the function defining 
the voltage could follow a sine wave, 
𝐹(𝑡, 𝜔) = 𝑠𝑖𝑛𝑒(𝜔𝑡 + ∅)                                                      (4) 
where the angular frequency, ω, is proportional to the operating frequency, f (in Hz), of the current 
by 
𝜔 = 2𝜋𝑓                                                                       (5) 
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and the phase angle, ϕ, included in the function will define the delay between current and voltage.  
It is important to note that the function in Eq. 4 can take many forms and is commonly a sine wave 
(as shown), a triangular wave, or a square wave.  In electrical resistivity measurements, each 
reading is typically taken at constant current or voltage meaning, that there is no frequency change.  
The assumption is also made that the concrete is purely resistive and there will be no phase 
difference in the voltage or current.  In contrast, alternating current methods adjust (or sweep) the 
frequency through a certain range to determine any frequency dependent properties of the concrete.  
Frequency dependent properties are the reactive components in the complex representation of 
current, and these characteristics which will alter the phase (see Section 2.2.2). 
Resistivity, ρ, is a parameter based on the geometry of the setup and the subsequent volume of 
concrete under investigation through  
𝜌 = 𝑘  𝑅                                                                            (6) 
where the geometric factor, k, varies depending on the test setup and R is the resistance measured 
from Eq. 1. based on the induced potential field.  Resistivity is typically expressed in Ohm - meters 
(Ohm-m) and conductivity, σ, is expressed as the inverse of resistivity with units of Siemens per 




  .                                                                          (7) 
Two examples of electrode configurations are the four point (i.e. “Wenner”) configuration and the 
square configuration.  Either can be of variable probe spacing, a, allowing for different volumes 
of investigation.  The geometric factor is an adjustment factor used to express the resistance 
measured in terms of the volume of investigation.  The geometric factor is a function of the probe 




Figure 2.1: Standard electrode configurations for resistivity testing. 
One issue that arises is electrode polarization, or charge build up, at the contact between the 
electrode and the concrete surface.  At this contact, an oxide coating or film may form which will 
block the flow of charge into the concrete [8].  The tendency is for charge to accumulate on the 
surface of electrodes in contact with the concrete surface, specifically with wet sponge coupling, 
but polarization effects become negligible under alternating current [9].       
Electrical resistance tomography (ERT) is another method with applications to monitor concrete 
properties.  ERT uses an array of electrodes to reconstruct a conductivity map, or an internal 
conductivity image, of a concrete specimen.  The method could be adapted to the current research 
needs depending on the test setup chosen, but would be expensive due to the equipment required.  
Ideally if a plan where many electrodes are attached to the surface at one time, a grouping of 
potential readings could be taken, and a resistivity field could be reconstructed from the data. 
2.2.2. Alternating Current Impedance Spectroscopy (AC-IS) 
Alternating current impedance spectroscopy (AC-IS) operates, in contrast to resistivity, with the 
assumption that concrete behaves more comparably to a resistor-capacitor pair [10].  AC-IS 
monitors the frequency dependent properties of the concrete and is more suited to characterization 
of a broader range of properties.  Impedance differs from resistance in that it is a frequency 
dependent response.  Depending on the circuit properties, there will be a time dependent variation 
in opposition to current flow.  This causes a phase difference in the measured voltage or current.  
Impedance, Z, comprises a real component and a complex component, which make up the ratio of 






= 𝑅 +  𝑋 𝑖                                                                 (8) 
where the real component is the resistance, R, while the complex component is the reactance, X.  
The complex number, expressed as i, is the square root of negative one.  Resistance, reactance, 
and impedance are all measured in Ohms.      
The reactance component of impedance can be either inductive or capacitive; if neither of these 
components affects the flow of charge in the circuit, then the reactance is zero.  In the case of AC-
IS, the component has been assumed to be capacitive as the method characterizes the dielectric 
properties of concrete through monitoring the voltage [10].  The capacitive reactance, Xc, is  
𝑋𝑐 =  −
1
𝜔𝐶
                                                                          (9) 
where the angular frequency (Eq. 5) is expressed as ω and the capacitance as C.  It is important to 
note that this component of the impedance varies with frequency and is related to the dielectric 
properties of the material.  Further detail about capacitance theory is provided in Section 2.2.4. 
2.2.3. Magnetism and Inductance 
Current traveling through a coiled wire, or solenoid, generates an electromagnetic force (EMF) 
which opposes the applied potential.  In a circuit model, the voltage through an inductor coil, V, is 
related to the self-inductance, L, of the circuit and the current, I, traveling through the circuit by 
𝑉(𝑡) = 𝐿 
𝑑𝐼(𝑡)
𝑑𝑡
  ,                                                              (10) 
where                                                             𝐿 =
𝜇 𝑁2 2 𝜋 𝑟
𝑙
                                                                 (11) 
and the inductance of the solenoid is related to the relative permeability of the core, µ, the number 
of turns of the wire, N, the length of the solenoid, l, and the radius of the coil, r.  In an alternating 
current circuit, the reactance component will be an inductive reactance, XL, shown as   
𝑋𝐿 = 𝜔 𝐿 .                                                                      (12) 
The inductive reactance contributes to the complex component of impedance.  Changes in 
measured impedance, both in magnitude and phase, can be correlated to the interaction of the EMF 




Capacitance techniques are similar to AC-IS, where a variable frequency electric flow is 
established through the concrete medium and the dielectric properties (e.g. water to cement ratio) 
of the material are measured.  Capacitive testing operates specifically measures the dielectric 
properties of the material, treating two electrodes as a coplanar plate electrode.  One electrode is 
charged with an AC voltage, and the other electrode senses the resulting charge.   
A capacitor is a device that stores charge in an electrical circuit.  Typically, two conducting plates 
are used with an insulating dielectric material between them.  The capacitance, C, of the actual 
component is related to the dimensions of the plates and the properties of the insulator by 
𝐶 =  𝜀
𝐴
𝑑
                                                                        (13) 
where A is the area of the capacitor plate, d is the distance between the plates, and ɛ is the dielectric 
constant of the material between the plates.  Capacitance is measured in Farads.  The dielectric 
constant of the material between the plates, ε, is a product of the relative static permittivity of the 
material, εr, and the electric constant, εo, by 
𝜀 =  𝜀𝑟 𝜀𝑜                                                                     (14) 
which defines the dielectric properties of the capacitor.  Equations 13 and 14 are specific to parallel 
plate capacitors and more rigorous solutions are required for the capacitance between plates of 
varying angles of separation, from parallel to coplanar.   As previously shown in Eq. 9, the 
capacitive reactance (i.e. complex component of impedance) is a function of the capacitance of the 
system.  As the capacitance (or dielectric properties of the capacitor) changes, the impedance will 
also change, both in phase and in magnitude.   
2.2.5. Microwave 
High frequency electromagnetic waves propagate through dielectric media.  For testing purposes, 
the reflection and transmission of these waves through various materials can be useful in 
characterizing defects and material properties, and the velocity of the wave is related to the 
dielectric properties of the material through which it propagates. 
Initially, a microwave will have some incident energy, Eo.  As it interacts normally at the interface 
between one medium and the next, there will be energy reflected, Er, and energy transmitted, Et.  
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The reflection coefficient between the materials, ρ1,2, is related to the wave impedance of the 







 ,                                                           (15) 
where                                                                     η = √
μo
ϵ
  .                                                                  (16) 
The wave impedance is a function of the dielectric constant of the material, ϵ, and the magnetic 
permeability of air, µo, given as 




 .                                                      (17) 




                                                                   (18)  
 which normalizes the actual dielectric constant to that of free space (i.e. air), ϵo, given as 




  .                                                        (19) 
From these assumptions, Eq. 18 simplifies the transmission of energy to a function of the relative 




 .                                                             (20) 
The velocity of the wave traveling through a dielectric material, V, is related to the speed of energy 




 .                                                                     (21) 
As the dielectric properties change, the wave velocity will also change as the inverse square of 
dielectric permittivity.  From EM wave basted tests, the amplitude of the wave can be computed 
and the dielectric constant calculated.  The dielectric constant can then be related to the dielectric 
constants of the constituents in the composite matrix based on mixture law theories. 
 
2.2.6. X-Ray 
X-ray testing is a principle used commonly in the medical field.  A radiation source is applied to a 
specimen and the intensity of the energy passing through the material is detected.  Higher density 
materials prevent the radiation from passing through and will be mapped as lower intensity areas.  
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With only one X-ray, there is no useful information obtained about the depth of the areas of 
different density.  Extending this principle with multiple images and scans allows for three-
dimensional images of the interior of samples to be created.  These scans are aided by 
computational reconstruction and the test is known as X-ray tomography.   
2.2.7. Mechanical Wave Testing 
Wave propagation through concrete specimens can provide a wealth of information from relatively 
simple tests.  Ultrasonic pulse velocity (UPV) and local resonance vibration testing are useful tools 
for quality control of concrete and provide a means of comparing consistency between batches.  
They offer predictions of dynamic stiffness characteristics and can be useful to gain insight into 
the microstructure of concrete specimens.  (Include relevant theory   (UPV, Resonance – ASTM) 
2.2.7.1. Wave Propagation 
The propagation of primary waves, shear waves, and surface waves are useful metrics to monitor 
many aspects of concrete.  ASTM C597 provides guidance on the standard method for finding the 
primary wave velocity (P-wave velocity) in concrete [11].  Wave propagation phenomena can 
characterize strength, density, and levels of damage [2].  Also, they can detect flaws along their 
respective travel paths.  In standard practice, a surface coupled transducer is used to generate 
primary waves in concrete specimens.  The configuration for through transmission is typically 
used but other methods may be employed such as one sided transmission.  For through 




                                                                        (22) 
where L is the separation between the transducers and t is the time of flight of the stress wave from 
the transmitting to the receiving transducer.  The time of flight is always recorded and more 
sophisticated equipment can record the returning wave form.   
2.2.7.2. Resonance 
Resonance testing can provide valuable information about the stiffness of specimens based on the 
modes of vibration and corresponding resonant frequencies.  ASTM C215 provides guidance on 
performing the resonance testing and some useful approximations for dynamic moduli [12].  An 
accelerometer is placed at a nodal point of vibration for the specimen, and an impactor is used to 
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excite the vibration modes.  The resulting acceleration signal can be transformed from the time 
domain to the frequency domain in order to observe the resonant frequencies.   
 
2.3. LITERATURE REVIEW 
The follow section summarizes the relevant literature pertaining to NDT for concrete, both with 
and without fiber reinforcement.  Much work has been done in the area using a variety of methods, 
all in the hope of characterizing the steel fiber phase in the composite.  From the theory, 
characterization seems to be a simple task but there are always new challenges even in a laboratory 
setting (e.g. moisture content and electrode coupling).   
2.3.1. Resistivity 
A four electrode probe device was created to measure resistivity of 60cm x 60cm x 3cm SFRC 
slabs [13].  Steel fibers of 13mm length and 0.2mm diameter were used at a volume fraction of 2% 
by volume.  Several slabs were made to test various fiber orientations: 1) plain, fiber-less concrete 
specimen; 2) SFRC specimen poured for the center, 3) SFRC specimen poured from the corner; 
4) an artificially made slab with oriented steel fibers; and 5) SFRC specimen poured from opposite 
ends.  The device consisted of two separate, square arrangements of four square electrode probes 
as shown in Figure 2.2.  Two different electrode separations, 5cm (Q5) and 10cm (Q10), were used 
which allowed for different depths of inspection as the depth of interrogation into the material 
from the tested surface has been shown, in several applications of resistivity, to range between half 
the probe spacing and the entire probe space [9,13].  Additional benefits of the four probe square 
device, rather than a four probe in-line device, is the ease of placement on a structure to avoid 
rebar effects [13].  A known electrical current was injected between two probes on one side of the 
device (e.g. points A and B of configuration Q5 or Q10 in Figure 2.2).  The voltage potential was 
measured by the other two probes on the adjacent side (e.g. points M and N of configuration Q5 
or Q10 in Figure 2.2).    Also included was a switch to allow for the current to be injected between 
two electrodes on the side perpendicular to the first measurement.  To aid in the electrical contact 
between the concrete and the probes, sponges wetted with an electrolytic solution were fixed on 






Figure 2.2: Test setup, equipment, and probe spacing for electrical resistivity testing of 
SFRC slab [13]. 
 
The current was supplied using soil resistivity test equipment, capable of four point testing.  A 
“Megger DET5 – Digital Earth Tester” was used for the resistivity tests.  Alternating current (AC) 
with an intensity of 100 micro amps, and a frequency of 128 Hz, was used as.  AC has been shown 
to avoid the problem of polarization of the electrodes at the concrete surface [13].  Measurements 
were taken on both sides of the slab specimens, at 9 locations on each specimen, and at 16 
orientations at each test location (varying at 22.5 degrees).  Each slab was tested within 30 minutes, 
which was found to be an accurate time to avoid any changes in the resistivity measured due to 
external factors (e.g. moisture content).  The tests showed that concrete without fibers had no 
difference in resistivity measured, both in measurements across the slab and at different 
orientations of the device.  It can be concluded that comparisons could easily be made across a 
slab surface and differences would be related to fiber dispersion characteristics.  Fiber distribution 
and orientation did in fact reduce the measure resistivity [13].  The average resistivity of the plain 
concrete slab was around 15 Ohm-m while the SFRC samples varied between 2 and 6 Ohm-m, as 
shown in Figure 2.3.  As the direction of the device was changed, the resistivity values were plotted 
to shown locally the variation in resistivity measurements, as shown in Figure 2.4.  Again, these 
were all relative measurements.  As these tests were performed blind, it is also noteworthy that the 
type of casting was able to be predicted and matched to the specimen.  Fiber orientation tended to 




Figure 2.3: Reported results resistivity literature, where slab 1 had no fiber reinforcement 
and slabs 2 through 8 had varying casting direction [13]. 
 
 
Figure 2.4: Example anisotropy plot for resistivity tests performed at one location [13]. 
In a similar study, the research group upgraded the specimens to round panels cast with 0%, 2%, 
and 4% volume fractions of steel fibers with the resistivity results being confirmed with both X-
ray tomography as well as flexural testing [14].  As shown in Figure 2.5, the resistivity 
measurements were plotted in such a way as to map the orientation and dispersion behavior of 
steel fibers, both locally at a test location and globally in the element.  Each location is mapped 
with a polar plot shown the relative resistivity compared to the orthogonal direction.  This shows 
an anisotropy in the resistivity which shows the fibers align perpendicular to the axis of greatest 




Figure 2.5: Example of round SFRC panel with resistivity data [14]. 
A hybrid method of resistance and impedance measurements on SFRC were performed on a beam 
specimen of 1 m x 0.5 m x 30 mm cast with self-consolidating concrete [15].  Mix proportions 
consisted of 600 kg/m3 cement, 500 kg/m3 slag, 200 kg/m3 water, 983 kg/m3 sand 100 kgm3 steel 
fibers.  The steel fibers were 13 mm in length and 0.16 mm in diameter.  Also, 33 L/m3 of 
superplasticizer was used.  Four cylindrical, (3 cm diameter) electrodes were placed symmetrically 
around a radius 5.5 cm, as shown in Figure 2.6, and coupled to concrete with a conductive rubber.  
Voltage was applied between any two electrodes using a signal generated by waveform generator, 
with frequency ranging between 10 kHz to 2000 kHz. Also, a 1 kOhm shunt resistor was added to 
measure the voltage and current flowing between electrodes; this was output to an oscilloscope.  
The system was assumed to be a resistor and capacitor in parallel [15]. 
 
Figure 2.6: Orientation of electrodes for tests on SFRC specimens; holes were used in an 
experiment proving current did indeed flow through the material [15]. 
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The system was able to collect data about the input voltage and the induced current response, while 
the phase difference was obtained from the oscilloscope.  Both resistance and capacitance can be 
then computed using equations 8 and 9 and with the knowledge of the magnitude of the complex 
impedance measured and the phase of the components.  Resistance measurements were larger 
when measured perpendicular to fiber direction while capacitance measurements were smaller in 
this direction [15].  Also, measurements seemed significant only between 10 to 200 kHz which 
little difference at higher frequencies [15].   
Using similar techniques as geotechnical surveying, electrical resistance tomography studies have 
been performed for concrete to localize internal conductors [16, 17].  The method uses many 
electrodes to take several readings at once.  It has also been proven useful in locating rebar, defects, 
and voids as shown in Figure 2.7.  It seems that most of the time is in setup of the test while the 
measurements can be taken quickly.  The testing can also be performed with standard soil 
resistivity equipment and cheap, disposable electrodes as shown in Figure 2.8 [17]. 
 
 
Figure 2.7: Example of rebar detection with ER tomography, with sample (left) and 





Figure 2.8: Test setup for electrical resistivity tomography study [17]. 
2.3.2. Alternating Current Impedance Spectroscopy (AC-IS) 
There has been an observed effect of the passive coating formed on the steel fibers, and thus the 
need to use alternating current [18].  However the effect is negated with high voltage inputs 
allowing for surface resistivity to be applicable, although this leaves only one measured point 
rather than the ability to deduce constituent behavior from bulk, composite behavior [18].  The 
behavior of fiber reinforced cement composites can be modeled with an equivalent circuit made 
up of various elements of the composite matrix, as shown in Figure 2.9 [18].  Each element (e.g. 
bulk concrete, fibers, etc.) has a resistance component and a capacitance component.  The short 
conductive fibers in the concrete create a “frequency-switchable coating” which is modeled by 
resistor-capacitor switch in the equivalent circuit model.   
 




Under direct current or low frequencies of alternating current, electric flow is through the upper 
path due to the bottom portion essential closed off due to the coating on the fibers; the oxide coating 
isolates the fibers as the impedance is very high.  The electrodes have some effect on the system, 
and it can be seen that theoretically; there is no difference between plain concrete and SFRC under 
the low frequencies.  As the frequency or the DC field is increased, the oxide film electrode 
resistance is shorted out by the capacitance, allowing for current to flow through the lower branch 
of the circuit.  There is both a critical frequency for AC measurements and a critical voltage for 
DC measurements [18].  These critical thresholds short out the coating and allow the fibers to be 
interrogated.  At the high frequencies, “displacement currents” pass through the oxide coating 
capacitor model shorting out the oxide resistance [18].  At high currents or voltages, the oxide film 
resistance is also bypassed because the passive film is driven to “active or transpassive corrosion” 
states [18].  Essentially, the fibers can be interrogated in two ways: high frequency or high 
current/potential.  This behavior will be useful in deciding the type of equipment needed for the 
proposed setup.   
Experiments were later performed on a SFRC beam element with dimensions 25.4 cm x 15.2 cm 
x 400 cm, containing “Dramix RC 65/60” steel fibers at a 1% by volume concentration [19].  The 
excitation voltage was established with two stainless steel circular electors, with radii of 
approximately ~59 mm. Electrical connection was obtained through submersion in reservoirs 
containing a sodium chloride, as shown in Figure 2.10.  The electrode position was also varied 
between the top and the side, as shown in Figure 2.11, to investigate different areas and fiber 
orientations.  An excitation voltage of 1 V was applied in the range of 100 mHz to 11 MHz with a 
Solartron 1260 impedance/gain-phase analyzer.  This equipment allows simple data processing, 
converting the impedance into the real and imaginary portions.  Predictions about orientation and 




Figure 2.10: Electrode placement for AC-IS testing [19]. 
 
 
Figure 2.11: Orientation of electrodes and current flow for AC-IS testing [19]. 
The principle behind this method is that when the fibers do not make a continuous conductive 
network (i.e. below the percolation threshold) through the concrete, they will exhibit two forms of 
behavior.  At direct current (DC) and at low frequencies of alternating current (AC), the fibers will 
be insulating.  That is, they will not alter the flow of current or charge between the electrodes.  As 
the frequency of the AC is increased, the fibers begin to act as short circuits through the concrete 
and begin to behave as conductors, as previously described by the equivalent circuit model [19].  




Figure 2.12: Example of Nyquist plot for AC-IS study [19]. 
 
The results of the AC-IS tests are shown in Figure 2.13.  The variation in frequency allowed for 
the conductivity (i.e. inverse of resistance) of the bulk concrete matrix to be separated from the 
conductivity of the fiber-concrete composite [19].  This allows for the mapping of conductivity 
changes and the estimation of fiber dispersion through the element.  These estimates were 
confirmed with mechanical tests performed on samples cut from a beam.   
 
Figure 2.13: AC-IS measurements taken along beam at different orientations, mapping 
conductivity of the beam [19]. 
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Similar equipment and test methods were employed on laboratory specimens, and both AC-IS and 
4-point resistivity can be found in Figure 2.14 [20].  One steel electrode was placed on top of the 
specimen, coupled with a sponge, and another steel electrode was placed on the bottom in a 
reservoir.  The tests successfully characterized the orientation and dispersion of the fibers.  With 
the Nyquist plot, the investigator was able to separate the conductivity of the plain concrete and 
that of the concrete-fiber composite; an increase in fiber content increases the composite 
conductivity [20].  Also, as the fiber orientation was shifted from parallel to perpendicular to the 
applied current, the measured conductivity decreased; this was attributed to the shorter path of 
conduction (i.e. through the fiber diameter rather than length) [20].  The method was very accurate 
due to the highly controlled tests performed.  The research group was able to establish an “intrinsic 
conductivity approach” which correlates the behavior of the concrete with the expected behavior 
of the composite (knowing the aspect ratio of the fibers) an essentially normalize the data for 
comparison between elements [20]. 
 
Figure 2.14: Test setup for AC-IS (right) and 4 point resistivity tests (left) [20]. 
In addition to the AC-IS tests, 4 point DC resistivity tests were performed on the same samples.  
A Keithley 220 constant current source was used with a Keithley 2000 multi-meter.  The current 
was swept through 1 to 10 mA.  The multi-meter measured the resulting voltage.  This was done 
only to characterize the bulk concrete matrix and matched well with the low frequency cusp 
obtained from the Nyquist plot [20].     
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2.3.3. Magnetism and Inductance 
Using a magnetic-based cover meter, a research group was able to characterize both steel fiber 
dispersion and orientation [21].  The cover meter is shown in Figure 2.15.  Using an electromagnet, 
it is able to sense changes in the electromotive force (EMF) due to rebar, as the intended use, or 
other metallic object.  The plot on the left in Figure 2.16 shows the results from varying fiber 
volume and element thickness.  The plot on the right shows the effect of probe orientation and 
fiber alignment.  Both of these results provide a basis for using a magnetic probe for SFRC 
characterization.   
 
Figure 2.15: Magnetic cover meter used in SFRC study [21]. 
 
 
Figure 2.16: Magnetic cover meter shown to characterize volume fraction (left) and fiber 




Two further studies by another research group focused on the development of a new laboratory 
made magnetic probe.  The first study used a core with a single wire coil, and the probe was able 
to measure the mutual inductance due to presence of metal [22].  Furthering the study, a new probe 
was made using four coils, two of which generate the magnetic field and the other two measure 
the EMF resulting from the impedance shift [23].  The probes are shown in Figure 2.17, with the 
original probe on the left and the improved probe on the right.  By moving the probe along the 
surface of the concrete, they monitor changes in magnetic permeability through the changes in 
inductance within the windings.  Also, they want to further characterize the fibers in the matrix, 
linking power losses to the size of the fibers.   
              
Figure 2.17: Magnetic probes used for SFRC characterization, single coil on the left and 
four coil on the right [22, 23]. 
Mutual inductance measurements were taken in air for calibration, on a sample of fiber density of 
50 kg/m3, on a sample of 100 kg/m3, and on a sample of unknown fiber dosage (labeled sample). 
The frequency was controlled with a waveform generator.  Average inductance measurements are 
shown in Figure 2.18 and average power losses are shown in Figure 2.19.  Air showed the lowest 
measured inductance and the higher fiber dosages resulted in a higher measured inductance [23].  
Power losses depend on the fiber dimensions rather than concentration, and are a result of heating 







Figure 2.18: Average inductances of various samples from varied frequency magnetic 








Typically two wire coils are used with current flowing through one, and a mutual inductance 
established in the other due to the magnetic flux generated.  Electrical inductance is a function of 
the geometry of the coil system and the magnetic permeability of the system.  An early study used 
a simple device placed around cores to measure the change in induced current due to the amount 
of steel fibers in concrete cores [24].  The device is shown in Figure 2.20 and the results are shown 
in Figure 2.21.   
 
 






Figure 2.21: Inductance measurements for a single steel fiber rotated from 0 to 90 degrees 
(left) and on cores of varying fiber content (right) [24]. 
 
An improvement on the previously examined study utilized several coil setups as well as a 
handheld impedance analyzer to generate the current and monitor the inductance, as shown in 
Figure 2.22 [25].  Three coil setups were used as shown in Figure 2.23.  
 
 





Figure 2.23: Coil designs used in inductance testing of cube samples: (a) uniform 
continuous; (b) non-uniform continuous; (c) discontinuous [25]. 
 
For orientation measurements, the cube specimens were measured along each principle axis and 
fibers aligned with the induced field resulted in greater measured inductance.  From the tests, it 
was found that the fibers tended to align in the horizontal plane with almost a random orientation 
in that plane.  Typical results are shown in Figure 2.24.  The results show low error among the 
measurements among the tests performed and a consistent effect of increasing fiber content.  Also, 
larger diameter fibers showed slightly lower inductance values.   
 
 





There have been several studies examining the effect of microwave testing on steel fiber reinforced 
concrete.  One study showed that steel fiber reinforced concrete can be modeled as a dielectric 
material and the fibers themselves can attenuate a microwave signal [26].  Increasing the fiber 
volume fraction will decrease the amplitude of the measured wave.  An example of the through 
transmission technique is shown in Figure 2.25.  The microwave horns were used to measure a 
wall made of concrete blocks with varying fiber contents.  The wall and the results can be seen in 
Figure 2.26.  From both the simulated data and the actual measurements, it is clear that there is an 









Figure 2.26: Experimental tests from microwave test on SFRC wall: (a) wall made of SFRC 
blocks of varying fiber content; (b) numerical simulation; (c) experimentally obtained 
results [26]. 
 
Another studied looked to determine steel fiber distributions in concrete specimens by examining 
the microwave pulse being transmitted and the reflected wave measured [27].  The measurement 
configuration is one sided as shown in Figure 2.27.  The differences in fiber distributions translate 
to a difference in both amplitude (lower amplitude due to attenuation) and phase difference (time 
delay) in the reflected wave.  The receive signals can be compared as ordinary time domain 
responses, impulse responses, or power delay responses.  Comparisons are made with respect to 




Figure 2.27: Illustration of electromagnetic wave propagation through concrete specimen 
(left), and comparison between transmitted and reflected waves (right) [27]. 
 
 
Figure 2.28: Example of test setup for microwave testing [27]. 
 
To mimic the casting process, two cases were tested: 1) a metallic back-wall reflector and 2) no 
backing material.  The use of these two back-walls generates two different returning pulses.  These 
signals are normalized (i.e. subtracted) to each other allowing for better averaging of the signals 
and for information unrelated to fiber content (e.g. geometric factors) to be ignored.  The returning 
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signals were also normalized to the incident pulse, again to produce clearer signals for comparison.  
Higher fiber contents resulted in greater attenuation and time delay, as shown in Figure 2.29.   
 
 
Figure 2.29: Sample results of initial electromagnetic wave pulse and reflected pulses 
through various fiber densities [27]. 
 
The steel fibers act as “wire scatterers” which lead to attenuation of an input signal [27].  Metallic 
fibers are subjected to polarizability, or change in electrical distribution, which dictates the 
response of the material to an applied electric field.  Polarizability is a frequency dependent 
property which is another variable to consider.  From the simulations performed, it was shown that 
the SFRC specimens will act as homogenous in that the fibers (or wires) in the concrete do not 
interact and average permittivity measurements can be made.  Due to the assumed random 
orientation, there is only one component of the polarizability that will affect the electromagnetic 




A final study utilized an open-ended probe to take permittivity measurements based on the 
reflection of the EM wave, with the goal being to monitor steel fiber distribution in a concrete slab 
[28].  The probe and test setup are shown in Figure 2.30.  Three specimens, of varying fiber 
content, were measured and mapped throughout each specimen.  Also, averaging the measured 
values of permittivity allowed for accurate values of fiber density to be obtained.  Maps of 
permittivity are shown in Figure 2.31, and with the scale shown it is clear that there is an affect 
due to the steel fibers.       
            









Capacitance tests have been performed on plain and steel reinforced concrete but no tests on SFRC 
have been reported.  One research group has created a probe with coplanar, triangular printed 
circuit board electrodes [29].   An alternating current (AC) voltage is applied to one electrode and 
the other electrode (sensing electrode) measures the resulting charge on the plate; similar to 
resistivity but contactless and frequency dependent.  The probe is shown in Figure 2.32.   
 
Figure 2.32: Coplanar capacitor sensor with triangular electrodes [29]. 
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Both concrete condition and location of reinforced steel was examined.  Figure 2.33 shows the 
results from a specimen with a crack through the center.  Figure 2.34 shows a different scan of a 
specimen with four reinforcing bars in a check pattern.  The authors recommend that future work 
be done with phased arrays of probes as well as varying the frequency of the excitation voltage, 
but overall the method is promising [29]. 
 
Figure 2.33: Results of capacitive scan with crack at center [29]. 
 
 
Figure 2.34: Results of capacitive scan with four rebar in a grid [29]. 
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2.3.6. Mechanical Wave Propagation 
A theoretical model of steel fiber reinforced concrete was proposed to model inclusions in concrete 
[30].  Both spheres and cylinders were considered as the inclusions, and it was assumed that the 
aspect ratios and volume fractions of the fibers in the concrete were the critical parameter and an 
increase in either would increase the measured P-wave velocity.  Experimental investigations were 
performed on samples of steel fiber reinforced mortar (SFRM) and compared to other results on 
steel fiber reinforced concrete specimens [31].   
Mortar specimens were tested at 2 MHz using an automated system.  A comparison of the results 
to predicted values can be found in Figure 2.35.  The inclusion of steel fibers decreased the P-wave 
velocity and fibers decreased this value more than spheres; longer fibers further decreased the P-
wave velocity measured.  This decrease is attributed to an increase in the pore volume of the steel 
fiber reinforced specimens [30].     
 
Figure 2.35:  Predicted and experimentally obtained P-wave velocity measurements from 
varying types of mortar specimens [30]. 
SFRC specimens with different aspect ratios and volume fractions were tested to study 
compressive strength, split tension strength, flexural strength, and finally ultrasonic pulse velocity 
[31].  Aspect ratio, as defined by the length to diameter ratio of the fiber, was varied between 45, 
65, and 80.  The volume fraction of the fibers was varied between 0.5%, 1.0%, and 1.5%.  Cube 
specimens, with 150 mm dimensions, were used in the compression, split tension, and ultrasonic 
tests; 120 tested in total.  A 100 mm x 100 mm x 100 mm prism was used for flexural testing; 60 
tested in total.   
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Several important conclusions were drawn from this study.  First of all, workability decreased as 
the aspect ratio and volume fraction increased; unit weight and density also increased.  The highest 
strength gains were found in split tension tests and flexural strength tests while compressive 
strength was only slightly increased.  The ultrasonic pulse velocity measured in the cube specimens 
decreased as the volume fraction of fibers increased.  This was attributed to the higher porosity 
caused by the fibers as these specimens were more difficult to compact [31].   
 
2.4. CONCLUSIONS 
From the literature review, it was concluded that there were many available methods for 
characterization of steel fiber reinforced concrete.  The most promising methods presented are 
based on electrical and magnetic principles due to the ferromagnetic nature of the steel fibers.  
Most of the methods were either time intensive, required the use of expensive (or specially made) 
equipment, or both.  In order to stay within the scope of the project, all commercially and relevant 
NDT equipment and methods were investigated in order to determine their applicability.  The first 
of the testing phases is discussed in the following chapter.    
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3. PHASE ONE: PRELIMINARY STUDY ON PACADAR BEAMS 
3.2. INTRODUCTION 
With an understanding of the material issues associated with steel fiber reinforced concrete (SFRC) 
and a knowledge of the current state of practice in the area of nondestructive testing (NDT), a 
preliminary investigation was conducted using three samples of varying steel fiber content in order 
to assess the applicability of the methods to SFRC characterization.  Controlled samples were 
provided by Pacadar and were well characterized in terms of fiber content and mix proportions, 
and therefore assumed to be representative of the final mix design and of consistent properties in 
all respects aside from steel fiber content; note that the specific mix designs are proprietary.  The 
first phase of characterization was an investigation on material properties: weight; density; and 
mechanical wave propagation.  Next, the samples were tested with various electrical and 
inductance based NDT methods to determine each test’s potential for SFRC monitoring.  The 
methods examined were electrical surface resistivity, pulse induction eddy current, and ground 
penetrating radar.  Finally, the samples were placed in a fog room and electrical resistivity changes 
were monitored.  The preliminary testing phase was an important step in the development of the 
second phase of the project (i.e. laboratory testing with additional specimens) and ultimately the 
proposed testing plan to be implemented by Pacadar. 
 
3.3. DESCRIPTION OF SAMPLES 
Several samples were used to calibrate and test the equipment.  Samples 1, 2, and 3 were prismatic 
samples as shown in Figure 3.1.  The samples used for preliminary testing were assumed to be 
representative of the final product to be characterized.  Also, the samples were well controlled in 
terms of the proportion of fibers.  The mix design of the specimens is proprietary to Pacadar but 
the specimens are assumed to be high performance concrete due to a small coarse aggregate size 




Figure 3.1: Prismatic sample of SFRC for preliminary testing; Sample 3 with 20kg/m3 steel 
fibers. 
The sample geometry was conducive for the majority of preliminary testing as the beams are 
widely used in NDT, the specimens varied in fiber content, and were otherwise assumed to be of 
consistent properties.  For a consistent reference, the orientations of the specimens were defined 
and keep constant through the testing.  Figure 3.2 describes the description of the orientation.  The 
face with the Pacadar label was defined as the front, with left or right designating the sides, and 
the reverse designated as the back.  Also, the orientations of top and bottom were used to further 
define the specimens’ orientation.  
 
Figure 3.2: Nomenclature used to describe specimen orientation. 
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3.4. METHODS EXAMINED 
Several tests were performed to characterize the SFRC specimens beyond what was already 
determined or undisclosed by Pacadar.  Size, weight, ultrasonic pulse velocity (UPV), surface 
wave propagation, and global resonance vibration tests were performed.  Beyond the basic material 
properties (e.g. density), mechanical wave testing was done to further characterize the specimens 
and to determine any potential for a final test plan based on mechanical wave propagation.  A four 
probe resistivity meter was used to confirm the results presented by Lataste et al [13].  Also eddy 
current based cover meter was used to assess the method for any applicability to the 
characterization of SFRC, similar to work done by Malmber et al and Faifer et al [21, 23].  
3.4.1. Density and Mechanical Wave 
The three prismatic specimens were measured and weighed in order to determine accurate 
dimensions for density calculations and dynamic modulus calculations.  Dimensions were found 
as an average of the dimensions across the length; measurements being taken at the head, middle, 
and foot for depth and width as well as on all sides for length measurements.  Knowing the total 
volume and weight, the density of the steel fibers was factored out of the total density and a 
measure of concrete matrix density was obtained.   
Next, ultrasonic pulse velocity (UPV), surface wave velocity, and resonant frequency 
measurements were performed.  Ultrasonic pulse velocity measurements were made using a Pundit 
Lab + testing unit, and the procedure was in accordance with ASTM C597 [11].  Primary wave 
speed was calculated using Equation 22; also described in Figure 3.3.   
 
Figure 3.3: Wave velocity operating principle, shown for P-wave velocity. 
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Surface wave measurements were taken using an air coupled transducer scanning frame and a 
surface coupled accelerometer.  The measurements were taken on the back sides of Specimens 1, 
2, and 3 over a 40cm travel distance.  The data acquisition software took an average of 100 signals 
to reduce signal noise.   
The three prismatic specimens were tested to determine the natural frequencies of resonance under 
longitudinal, flexural, and torsional vibration.  Resonance testing was performed as shown in 
Figure 3.4, and the procedure was accordance with ASTM C215 [12].  Flexural resonance testing 
was performed for two orientations of the specimen: one on with the top side facing up and another 
rotated 90 degrees, with the right side facing up.  The orientations were chosen to see if the resonant 
vibration would be effected by any variation of concrete through the cross section.  An 
accelerometer was used to measure the vibration of the specimen and an oscilloscope was used to 
record the voltage output from the oscilloscope.  LabView was used to obtain the time domain 
signals and MATLAB was used to compute the frequency content.  From the resonant frequencies, 
the dynamic moduli for longitudinal, flexural, and torsional resonance were determined. 
 
 




3.4.2. Electrical Surface Resistivity 
Electrical resistivity measurements were made using a Proceq Resipod handheld resistivity meter; 
the device was on loan to the University of Illinois and only a brief trial was done for the initial 
testing.  The device use 4 electrodes placed on the surface and saturated with water.  Measurements 
were taken on three sides of the specimens and at two locations on each side.  Two measurements 
were taken on the three sides of the specimens; the top surface was desiccated and also contained 
manufacturer labels.  In between each test, the electrodes were re-saturated to ensure complete 
contact and an accurate reading.  The manufacture, Proceq, recommends water saturated 
specimens for resistivity testing.  The device was also checked for repeatability by retaking several 
measurements.   
 
Figure 3.5: Example of electrical surface resistivity testing (left) and operating principle 
(right).   
3.4.3. Pulse Induction Eddy Current 
A Protovale Cover Meter was used to measure fiber content of the three prismatic specimens.  The 
device uses two coils, one exciting coil generating a magnetic field and another sensing coil to 
monitor the change in the field (shown in Figure 3.6).  The change in the field was related to the 
presence of conducting material, usually associated with the presence of steel rebar.  ‘Calibration 
mode’ was used such that the change in voltage was directly read from the device.  The probe was 
set to zero when placed away from any metallic object, then placed on the SFRC specimen surface.  
Once placed on the surface, the voltage was read corresponding to the change in the magnetic field 




Figure 3.6: Example of eddy current cover meter testing (left) and operating principle 
(right). 
Several test schemes were used to determine the applicability of the cover meter to SFRC 
characterization.  First of all, tests were taken with three spaced readings on each side of the 
specimens.  Then, the specimens were marked with a grid spaced at ¼ inch to collect a larger data 
set for the entire specimen as well as on each side of the beam.  The specimens were placed on 
plain concrete beams in order to isolate them from any other conducting materials that may 
influence the reading; shown in Figure 3.7.  The cover meter was tested to see changes from zero 
calibration over time.  The probe was placed on Specimen 3 and run for one hour.  During that 
time, the probe head was removed and the “in air” reading was taken; drift was found to be 
negligible over one hour and the device was easily re-zeroed.   
 
 




3.4.4. Ground Penetrating Radar (GPR) 
A ground penetrating radar (GPR) antenna was used to test the propagation of electromagnetic 
(EM) waves through SFRC specimens (Figure 3.8).  Several tests were performed on the three 
beams samples to assess the validity of the method for characterization of SFRC.  A 1.5GHz 
ground coupled antenna was used with a pulse generator, data acquisition system, and PC system 
for signal generation, acquisition, and processing.  Specimens 1-3 were tested on all four sides in 
the center of the beam.  The tests were performed both with and without a metallic back-wall 
reflector.  The samples were isolated from surrounding dielectrics to ensure little interference with 
the EM waves, as shown in Figure 3.9.  Also, the specimens were grouped, in order of decreasing 
fiber content.  B-Scans were taken across the specimens at four locations, from foot to head, and 
the signal directly above the center of each specimen was marked on the scan.  A stage was 
assembled next to the specimen to allow for the system to record the position of the antenna (Figure 
3.8)  
 
Figure 3.8: GPR test on groups SFRC beams (left) and operating principle (right). 
 
 
Figure 3.9: GPR test on SFRC beam specimen. 
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3.5. RESULTS AND DISCUSSION 
3.5.1. Density and Mechanical Wave 
3.5.1.1. Density 
The beam dimensions and density measurements are shown in Table 3.1 and Table 3.2, 
respectively. Density, both bulk and concrete matrix, of the specimens showed to decrease with 
increasing fiber content; plotted in Figure 3.10.  The density decrease directly contradicts the 
expected behavior.  Higher fiber content was expected to increase the overall density of the 
specimen.  The decreased density was attributed to changes in the internal structure of the concrete, 
specifically the pore structure, meaning an increased porosity.  Higher porosity could be attributed 
to either a higher air content resulting from the fibers causing more air to be entrapped in the 
concrete matrix.  Also, the steel fibers could also give a preferential surface for the formation of 
calcium hydroxide particles which could further increase the porosity of the matrix.  Finally, the 
high steel fiber volume may have caused decreased workability leading to compaction issues and 
lower density.  The assumptions were not experimentally verified as the specimens were needed 
for future testing and could not be damaged.  Also, exact measures of air content were proprietary 
knowledge and were not disclosed. 





Width (cm) Depth (cm) Length (cm) Mass (kg) 
1 45 10.1 10.1 49.8 12.0 
2 70 10.1 10.0 50.1 12.0 
3 20 10.1 10.2 49.3 12.0 
 














1 5048.8 2380.8 148.6 2349.2 146.7 
2 5064.9 2377.1 148.4 2327.9 145.3 





Figure 3.10: Comparison plot of total density and matrix density varying with fiber 
content. 
 
3.5.1.2. Mechanical Wave Velocity 
Data for both P-wave and R-wave velocities are tabulated in Table 3.3.  Also the data are shown 
in Figure 3.11 and Figure 3.12 as boxplots for P-wave and R-wave, respectively.  The wave speed 
did not increase as expected for higher fiber contents.  There was no significant difference between 
wave speed and fiber content.  It was also difficult to determine any other information about energy 
loss or signal attenuation as the scattering is more effected by coarse aggregates and will change 
at each test location due to the random nature of the concrete structure.  Surface wave velocity 
measurements, similar to UPV measurements, showed no significant differences at the three steel 















20 5450 51 1180 14 
45 5510 35 1170 8 
70 5470 51 1190 12 
 
 
Figure 3.11: Box plot comparing variability of UPV data (33 readings per box). 
 







































































Resonance data are tabulated in Table 3.4 and the computed dynamic moduli are plotted versus 
fiber content in Figure 3.13.  From the resonance testing, no clear correlation between fiber content 
and dynamic behavior was found.  It was expected that the dynamic moduli should increase with 
increasing fiber content, due to the both the higher density matrix and the effect of the steel fibers 
on the resonating mechanical waves.  Since it was found that the density decreased, there should 
have been a clear decrease in dynamic moduli.  As a correlation was not found, there is a more 
complex relationship between the fiber content and the resonance behavior of the specimens.  The 
complex behavior is likely due to the effects of both increased, high density inclusions and the 
decreased density. 
 























20 4147 1457 2407 4147 1498 2407 
45 4127 1456 2409 4127 1477 2409 







Figure 3.13: Dynamic moduli for beams, based on resonance data in Table 3.1.   
3.5.2. Electrical Surface Resistivity 
Electrical surface resistivity testing was performed both in an initial, dry condition and at a later 
age under a saturating condition.  Moisture content was found to play a large role in electrical 
resistivity, as expected.  Most importantly, it was found that with a consistent moisture content the 
data from the three fiber contents becomes statistically different therefore showing much promise 
for the method to characterize fiber content.  
3.5.2.1. Dry Condition 
Table 3.5 and Figure 3.14 show the resistivity measurements from the initial test.  From the data, 
there were lower resistivity readings corresponding to higher steel fiber contents.  The results 
correlate well with the experiments examined in the literature review [13, 14].  The measurements 
proved to be repeatable at one location, but there was a high standard deviation.  Also, resistivity 
itself is particularly prone to maturity and moisture content of the concrete.  Section 3.5.2.2 further 














20 57.8 15.2 
45 28.9 10.0 
70 20.2 12.0 
 
 
Figure 3.14: Box plot comparing variability of resistivity measurements on SFRC samples 
of varying fiber content.  
3.5.2.2. Resaturation 
Roughly on year later, after the beam specimens had been dried further in lab air, the resistivity 
testing was repeated.  Initially, the specimens could not be tested as they were too dry for the probe 
to make an electrical connection.  The specimens were placed in the moist-curing room (fog room) 
and the resistivity was monitored.  Results from the testing are shown in Table 3.6.  There was a 
significant decrease in both the average resistivity (Figure 3.15) and standard deviation (Figure 
3.16 and Figure 3.17).  Over the course of the study the data for each beam changed from 
overlapping to statistically different, represented visually in the box plots shown in Figure 3.18, 
























































4.0 458.9 592.7 169.8 83.9 93.6 88.6 
24.5 98.5 39.7 78.1 59.3 38.9 41.4 
28.0 93.1 34.1 80.5 60.9 28.2 21.4 
34.0 74.0 19.6 67.7 53.0 20.0 11.0 
43.5 74.0 15.8 61.6 46.0 19.3 11.2 
67.0 68.4 12.5 52.6 36.9 12.5 6.0 
91.0 62.4 10.4 31.2 6.5 11.5 5.2 
111.5 61.6 14.5 32.0 8.5 11.3 4.8 
139.0 62.5 15.3 31.9 8.9 12.8 6.4 


























































Figure 3.16: Standard deviation versus time in fog room, log-scale. 
 
 































































































Figure 3.18: Resistivity after ~110 hours in fog room. 
 
 






























































Figure 3.20: Resistivity after ~310 hours in fog room. 
Recalling the original dry state, Figure 3.14, and the overlap between resistivity data for each fiber 
content, it was clear that moisture content is critical to accurate measurements.  If the moisture 
state is consistent, and assuming equivalent matrix properties, the readings are significantly more 
accurate in relating resistivity to fiber content.  However, the issue of attaining a consistent 
moisture content was not easily solved during field testing but some progress was made. 
3.5.3. Pulse Induction Eddy Current 
The cover meter data is tabulated in Table 3.7 and plotted in Figure 3.21.  Also, Figure 3.22 shows 
all of the data taken for each fiber content in box plot form.  Higher voltage readings were found 
with a higher concentration of fibers in a preferred direction.  The readings on plain concrete 
showed that there was some drift between readings but it was negligible (+/- 0.1 mV).  In general, 
there was not necessarily a higher reading with the probe on the bottom of the specimen.  It is 
likely that the magnetic field averaged over some area of the specimen and the segregated fibers 
had less of an effect than in other instances.  Even when all of the data was grouped together, there 
was no overlap between fiber contents which lead to the conclusion that the method would be 
useful.  However, in later testing when reinforcing bars were considered, there was trouble 



































Table 3.7: Cover meter data from SFRC beam testing. 
Location 



















Left 20.3 4.6 40.6 4.3 64.9 5.3 
Right 17.3 3.4 34.6 3.5 76.8 4.4 





Figure 3.21: Bar chart showing averages of cover meter measurements, taken at three 






Figure 3.22: Boxplot comparing variability of cover meter voltage readings. 
 
3.5.4. Ground Penetrating Radar (GPR) 
There were several important results from the GPR tests that help to further characterize the SFRC 
specimens.  First, there was a clear disruption of the signal on the back side of all of the specimens.  
The disruption indicates that there is a higher concentration of steel fibers at the side, likely due to 
increased segregation and settling of the fibers.  Figure 3.23 shows the behavior of the received 
wave signal.  The conglomeration of steel fibers on the bottom of the specimens creates a 
concentrated layer acting as a reflector, and greatly scatters the radar wave and causes difficulty 
in interpreting the data.  The GPR tests are typically a local measurement, and at higher frequency 






























Figure 3.23: Top side (top plot) and back side (bottom plot) GPR signals of prismatic 
specimens. 
























































As the fiber content increased, the amplitude of the first reflection decreased.  Also, the peak 
amplitude arrived at an earlier time.  However, it is difficult to accurately determine the start time 
of the radar wave so the result may not be accurate.  The decrease in amplitude is associated with 
increased scattering of the wave due to the increased fiber content.  The increased arrival time may 
indicate that the wave is travel faster through a material of higher fiber content, due to the high 
dielectric constant.   
Representative signals were taken for each specimen, and for each side.  The area of the signals 
was calculated and plotted in Figure 3.24.  Overall, increased fiber content consistently decreased 
the energy due to scattering.  The left and right side scans were roughly the same as the paths were 
similar.  Also, the front of the specimen was always of high energy than the back side again due 
to the segregation of steel fibers.  More work needs to be done to fully understand the complex 
interaction, but from a qualitative standpoint it seems that the method is viable.   
 





The test samples had varying cross sectional properties due to the increased volume of steel fibers.  
Both electrical surface resistivity and pulse-induction eddy current measurements were correlated 
to steel fiber content and therefore concluded to be viable candidates as NDT methods for 
characterization of steel fiber reinforced concrete.  In order for a method to be feasible for in-line 
inspection at a precast concrete plant, further testing needs to be done to determine the sensitivity 
of the method to various conditions including change in fiber content, fiber orientation, and the 
presence of reinforcing steel.   
There are many implications with regards to quality control.  First of all, within three beam 
specimens there was much variability.  Aside from the unknown moisture state, there is a clear 
issue with fiber dispersion in one element, which would be an issue for any type of toughness 
testing.  Cover meter readings are clearly influenced by the steel fiber inclusions, and may interfere 
with accurate cover readings when trying to locate reinforcement.   
While GPR may not be the optimal test method for SFRC, it has many other uses in reinforced 
concrete.  However, in jobs where SFRC is needed as well as quality control of reinforcement 
layout must be checked, the fibers will affect the results.  There is also the possibility of further 




4. PHASE TWO: LABORATORY TESTING 
4.2. INTRODUCTION 
The following chapter documents the investigation into nondestructive evaluation methods for 
steel fiber reinforced concrete.  Based on Chapter 3, electrical surface resistivity and pulse-
induction eddy current methods were chosen as they performed better than mechanical wave 
methods, with respected to characterization of the steel fiber phase.  The equipment used was a 
“Proceq Resipod” electrical surface resistivity probe and a “Proceq Profometer” covermeter; GPR 
was unfortunately not available for rental at this time.  The goal of laboratory testing phase was to 
understand the applications and limitations of the devices while testing an array of different matrix 
and fiber properties.  The results from the laboratory testing phase were crucial to the interpretation 
of field testing and ultimately in guiding the proposed plan for production element characterization 
in the Pacadar precast concrete plant. 
4.3. EXPERIMENT  
Using the project scope proposed by Pacadar and the results from the preliminary testing phase, a 
variety of specimens were tested.  Early on, mortar was used in the laboratory testing to remove 
the added variability from coarse aggregate.  Eventually, concrete containing limestone chip 
aggregates were also examined.  Moisture content proved to be a significant factor in surface 
resistivity measurements therefore specimens were examined during curing, drying, and 
resaturation.  Fiber orientation due to flow properties was attempted but not easily controlled 
(although on larger scales such a phenomenon may be possible), and therefore fiber alignment was 
simulated with hand-placed steel wire (simulating steel fibers).  To measure fiber orientation, the 
angle of the equipment probes was rotated around a fixed point as shown in Figure 4.1.  Finally, 
the effect of reinforcing steel (i.e. steel rebar) was examined.  The following subsections will 




Figure 4.1: Probe orientation during rotational scans.   
4.3.1. Cylinders 
Several cylinders were examined.  One such group is a set of companion cylinders to the plain 
blocks discussed in Section 4.3.3.  The cylinders were tested during curing and drying to better 
understand fiber-cement matrix interaction.  After de-molding, surface resistivity measurements 
were performed on the cylinders.  The tests were repeated at 24 hour intervals during moist curing.  
After the cylinders were removed from the moist cure room they were subjected to a similar test 
series as the beam specimens, whereby weight and surface resistivity measurements were taken 
over a span of time.   
Additional cylinders were cast having different steel fiber properties but with the same mortar 
matrix.  A steel fiber with shorter length (13 mm) and smaller diameter (~0.15 mm) was tested.   
Another interesting test was incorporating both relatively low and high volumes of steel fibers into 
the cylinders.  While 25 to 50 kg/m3 of steel fibers was proposed for final production panels, 5, 
10, 78, 155 kg/m3 were also tested.   
4.3.2. Panel 
A 50 cm x 50 cm x 5 cm mortar panel was cast to examine fiber dispersion and orientation 
properties.  The mortar was placed in 1cm layers with hand placed steel wires on each layer, and 
in four quadrants each having different fiber properties.  The wires were of a larger diameter so a 
lesser number of individual fibers could be used for the same volume fraction of steel.  One of the 
layers is shown in Figure 4.2.  The quadrants had steel content and orientations as follows: 0 kg/m3, 
20 kg/m3 aligned, 20 kg/m3 random, and 40 kg/m3 aligned.  Data was collected within the center 
of each quadrant to avoid geometric effects and each data reading was separated by 1 cm.  A larger 
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specimen, both thicker with a larger surface area, would have been desirable to avoid geometric 
effects from the depth and the edges.  However, it would have been more costly to fabricate and 
more time intensive to hand place the wires.   
 
Figure 4.2: Mortar panel with four quadrants having varied fiber dispersion and 
orientation. 
4.3.3. Blocks 
To match the geometry and reinforcement layout of the Pacadar production panels, “block” 
specimens were cast to capture the necessary test conditions.  The rebar depth and spacing was 
varied throughout the production panels but the critical conditions were incorporated into the 
design of the specimens.  Namely, the effect of a single bar and the effect of four bars spaced 8cm 
on center, with both layouts having a 5cm clear cover.  The goal was to determine the applicability 
of the previously examined test methods to characterize dispersion and orientation with the 
addition of reinforcing steel.   The specimens themselves were approximately 40 cm by 30 cm, 
with a 7 cm depth. 
Block specimens were first cast without rebar to examine the effect of the specific geometry on 
the test specimens.  Next, specimens were cast with different reinforcement layouts (see Figure 
4.3.  For each batch, one specimen was cast plain mortar or plain concrete and the other specimen 
was dosed with 50 kg/m3 of steel fibers.  The fiber content was chosen to match the final production 
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mix design.  Also, companion cylinders were cast in order to provide a basis of comparison 
between subsequent castings as well as to be used as calibration measures.   
 
Figure 4.3: Block specimens with rebar layouts and orientation used for rotational 
measurements.  
Fiberglass molds were used in the casting of the blocks, and the formed surface (bottom surface) 
was used for testing to ensure a smooth surface.  The specimens were cured by ponding water on 
the top surface, after one day of curing.  Submerged curing was done to compliment the seven 
days the cylinders were in the moist cure room.  As with previous tests, preliminary testing using 
surface resistivity and eddy current was performed on the block specimens to understand geometric 
effects.  Subsequent testing on the specimens with reinforcement was then useful to understand 
the additional effects on the electric methods.   
 
4.4. RESULTS AND DISCUSSION 
The results from the additional laboratory testing were useful in furthering the understanding of 
the methods and materials gained from the initial testing on the beams as well as planning the field 
investigation phase.  Simple specimens were useful in understanding the complex behavior of the 
composite matrix.  The larger specimens were necessary in order to better understand how to 




Many of the cylinders tested were companion specimens to the larger blocks tested; at least two 
were cast per batch.  The testing included monitoring resistivity change during curing and drying.  
Additional specimens were made for their own purposes to understand, at a smaller scale, to 
understand the effects of individual parameters (e.g. fiber content) on the global response.   
4.4.1.1. Curing and Drying 
The resistivity data for the cylinders during curing in the fog room is shown in Table 4.1, and also 
plotted in Figure 4.4.  Also shown was a preliminary test on a panel specimen, 50cm squared by 
5cm thick, of the 50kg/m3 steel fiber batch.  At early ages, the resistivity was low due to the high 
connectivity of the pore network and the many potential current paths.  The effect was amplified 
by the addition of steel fibers, which produced a reading that was too low to be measured by the 
device.  Readings too low to be measure by the probe are shown as values of zero in Table 4.1.  
Also, there is a rapid increase in resistivity within the first two days of moist curing followed by a 
period of slower resistivity increase.  Such a result is expected due to the microstructure 
development and pore-network refinement occurring during the curing of hydraulic cement.  More 
interestingly, there is a less decrease increase in resistivity with the addition of steel fibers.  The 
measured resistivity of the samples with steel fibers showed a slower increase compared to the 
plain samples, likely due to the constant fiber phase having a greater effect than the hydrating 
cement matrix.  Also of interest was the close match between the companion cylinders and a panel 



































0 1.7 0.1 0.0 0.0 0.0 0.0 
24 3.5 0.1 1.4 0.2 1.4 0.1 
47.5 4.4 0.1 1.7 0.2 1.7 0.2 
68.5 4.9 0.1 1.9 0.3 1.8 0.2 
98.5 5.4 0.1 2.1 0.3 2.1 0.1 
117.5 5.7 0.1 2.2 0.3 2.0 0.1 
140 5.8 0.2 2.3 0.3 2.3 0.0 
   
 
 
Figure 4.4: Resistivity data for companion cylinders and panel during curing with errors 
bars of one standard deviation. 
To improve the measurement series, additional specimens should be cast at a variety of fiber 
contents.  Also different specimen geometries should be considered to find the optimal geometry 
for calibration specimens.  Testing could be performed more often at early ages to smooth out the 
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curve.  With this, the specimens could have been allowed to cure for a longer time to further 
monitor the hydration process.  Finally, comparisons between mortar and concrete with larger 
coarse aggregates should be further examined.   
The same cylinder specimens were left in lab air to dry with resistivity being monitored.  Also, 
weight was measured at each reading and weight loss was computed.  The data is tabulated in 
Table 4.2.  Resistivity plotted in Figure 4.5 and weight loss is plotted in Figure 4.6.  As the 
specimens were exposed to lab air, the weight loss was assumed to be correlated to drying (i.e. 
loss of water).  The drying was then assumed to be the controlling factor that would control the 
resistivity measurements.  It was observed that the plain cylinders exhibited a much greater change 
in measured resistivity.  As observed during the curing, the fiber network is an unchanging 
conductivity path and appeared to govern resistivity measurements.  Furthermore, the plain 
cylinders showed more variation, which is again tied to the nature of current flow through concrete.    
 
































0 5.8 0.2 2.3 0.3 0.00 0.00 
46 7.1 0.2 2.7 0.4 0.02 0.03 
74 7.9 0.4 2.9 0.6 0.02 0.03 
172.5 10.7 2.2 3.7 1.0 0.05 0.05 
219.5 11.3 2.4 4.0 1.1 0.06 0.06 
316.5 13.9 1.2 5.4 1.1 0.06 0.06 









Figure 4.6: Weight loss data for companion cylinders during drying. 
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At around 220 hours there were several issues during testing.  It was difficult to make contact and 
the electrodes had to be rewet and reapplied to get good contact.  Also, in the fiber samples there 
were times when the Resipod was randomly overloaded to error which could mean the fibers made 
a chance direct path and caused a short.  The position was slightly adjusted until a reading could 
be made.  Finally, with all of the measurements as the specimens dry, the reading became less 
accurate because the device must inject a larger voltage and attempt to read a current.  Normal 
accuracy is 0.1 kOhm-cm, but when the specimens are dry the accuracy was 1 kOhm-cm.  To 
improve this study, higher precision weight measurements could be taken; the scale used in the 
study had a precision of +/- 0.01 kg.  Also, the temperature and humidity should be monitored as 
this would be another source of resistivity drift. 
4.4.1.2. Fiber and Matrix Properties 
Table 4.3 shows the different concrete matrix and fiber contents tested in a preliminary study.  
Most of the cylinders were mortar but one group was concrete with limestone chip aggregate.  
While the effect of steel fiber content was easily observed, there are other interesting results 
related to the concrete matrix and the steel fiber dimensions.  As expected the lower water to 
cement ratio mortar and the concrete cylinders had higher resistivity.  The shorter fibers (13 mm) 
had a higher resistivity, at the same dosage, compared to the longer (30 mm) fibers.  Such a 
result is likely due to the connectivity of the fiber network, and with a smaller fiber there is less 
likelihood for a connected path.  To further this idea, the specimens with very low and high fiber 

















0 3.5 0.1 
0.4 
0 2.7 0.0 
5 2.3 0.1 
10 1.9 0.2 
20 1.8 0.1 
50 1.4 0.0 
78 1.1 0.1 
155 0.9 0.6 
20* 2.2 0.1 




0 2.9 0.1 
20 2.2 0.2 
50 1.3 0.1 
Concrete 
0 3.8 0.1 
20 3.4 0.2 
50 2.1 0.1 
*Only cylinders with 13mm fibers, all others 30mm 
 
 
Figure 4.7 shows the resistivity data for the cylinders of varying fiber contents, and Figure 4.8 
shows the same data in a logarithmic scale.  As expected, resistivity increases with age in all cases.  
However, the rate appears to be dependent on the fiber content, similar to what was observed with 
the companion cylinders.  With the addition of steel fibers, there is a constant conducting phase 
and also a measureable interaction with the surrounding matrix.  As fiber content increases, the 




Figure 4.7: Resistivity versus time of curing. 
 
Figure 4.8: Resistivity versus time of curing, logarithmic scale. 
Furthermore, in Figure 4.9 the effect of the fiber content is further illustrated.  At low dosages 
there is a significant decrease in resistivity, while at higher dosages the effect levels out.  Again, 
the effect of fiber content demonstrated the effect of the steel fiber phase on the bulk properties.  
Also, in Figure 4.10 the same data is plotted but as conductivity (i.e. inverse of resistivity).  It 





































































































appears that conductivity versus fiber content is a roughly linear relationship, however still 
controlled by the age (and likely other matrix properties).   
 
Figure 4.9: Resistivity versus fiber content and various ages.   
 
 
Figure 4.10: Conductivity versus fiber content and various ages.   




















































































The various quadrants in the wire panel were tested with both the resistivity and covermeter 
devices, with the angle of measure varied between 0 and 135 degrees.  At each angle, four 
resistivity readings were taken and six covermeter readings were taken.  Figure 4.11 shows the 
general layout.  The resistivity data is tabulated in Table 4.4 and the covermeter data is tabulated 
in Table 4.5. 
 
Figure 4.11: Layout for quadrant testing with approximate probe footprint.   
Table 4.4: Average and standard deviation for resistivity testing on wire panel.   
Angle 
(deg.) 
Average Resistivity (kOhm-cm) 
Q1 Q2 Q3 Q4 
0 4.8 3.8 3.4 3.5 
45 5.0 3.4 3.3 3.2 
90 4.9 3.2 3.3 2.8 
135 4.5 3.5 3.4 3.1 
180 4.8 3.8 3.4 3.5 




Standard Deviation (kOhm-cm) 
0 0.6 0.5 0.2 0.3 
45 0.1 0.3 0.2 0.1 
90 0.6 0.3 0.4 0.2 
135 0.4 0.1 0.2 0.2 




Table 4.5: Average and standard deviation for covermeter testing on wire panel, in 
arbitrary units (A.U.).    
Angle 
(deg.) 
Average Signal Value 
(A.U.) 
Q1 Q2 Q3 
0 1.8 2.2 3.8 
45 2.4 1.7 4.1 
90 3.3 1.8 6.1 
135 2.6 2.5 3.6 
180 1.8 2.2 3.8 





0 0.6 0.5 0.2 
45 0.1 0.3 0.2 
90 0.6 0.3 0.4 
135 0.4 0.1 0.2 
180 0.6 0.5 0.2 
 
 
The resistivity results are shown in Figure 4.12, and also in Figure 4.13 with the plain quadrant 
removed for a better visual scale.  In both cases for aligned fibers, Q2 and Q4, the lowest resistivity 
measurement was at 90 degrees, and the resistivity increased approaching 0 degrees.  In contrast, 
there was no trend in the plain quadrant (Q1) nor in the quadrant with random fiber alignment 
(Q3).  Also, note that the average reading for 20 kg/m3 of steel fibers was the same regardless of 
orientation, and the average reading for 40 kg/m3 of steel fibers was lower than that for 20 kg/m3.  




Figure 4.12: Resistivity measurements versus angle for the quadrants. 
 
 
Figure 4.13: Resistivity measurements versus angle for the quadrants, with data for plain 
quadrant removed.  
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The data for the cover meter testing are plotted in Figure 4.14.  Keeping in mind the opposite trend 
should be expected (i.e. high reading with aligned fibers), the results are confirmed.  Highest 
readings for both aligned quadrants are observed at 90 degrees.  There is again no trend with the 
random quadrant, and on average fiber contents are distinguishable.  However, it is most important 
to that the wire panel sample is a highly idealized case of perfect alignment in plane. 
 
Figure 4.14: Covermeter readings versus angle for quadrants tested (no reading in plain 
quadrant). 
4.4.3. Blocks 
The testing on the block specimens began on the samples without rebar.  Critical to the 
understanding of the results from the test series were the initial observations of block geometry 
and steel fibers effects.  With that understanding, the addition of steel reinforcing bars (i.e. rebar) 
was examined and their effects were isolated from the blocks without rebar.  Finally, other 
reinforcing layouts and matrix properties were tested as a precursor to field testing. 
4.4.3.1. Geometry 
From the preliminary testing on the block specimens, an understanding of the geometric effects 
was obtained.  Two companion cylinders were also cast from each batch.  Figure 4.15 shows the 
first tests performed and the results are tabulated in Table 4.6.  The results showed that the block 
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specimens did not have the same geometric effects as the cylinders; such a results was expected.  
Layout 3 matched more closely to the cylinder data due to the curved surface and confined 
geometry.  Layout 2 and 3 were more representative of the actual testing, but ideally the readings 
should be placed as far from the edges as possible.  Finally, the flat surface created by the shape 
of the mold was useful and provided a visual region for data collection shown in the figure as the 
dashed box.    
 
Figure 4.15: Measurements layouts 1 through 4 shown from left to right, respectively. 
Table 4.6: Resistivity data for trial block. 
Measurement 
Layout 













1 3.6 0.5 1.9 0.5 
2 3.5 0.2 1.8 0.2 
3 4.8 0.1 3.1 0.3 
4 3.2 0.1 1.5 0.2 
Companion 
Cylinders 
5.8 0.2 2.3 0.3 
 
4.4.3.2. Effect of Rebar 
The next step in the block specimen test was to examine the effect of reinforcing bars.  Average 
resistivity was reported based on the measurements taken at a 15 degree sweep with the probe 
centered at the specimen center (recall Figure 4.1).  A bar chart showing the various specimens is 
shown in Figure 4.16, with the related data tabulated in  
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Table 4.7 to Table 4.10.  The first point is that the companion cylinders were consistent between 
batches for both the plain and steel fiber batches.  Some variability is expected depending on 
quality control during batching, but overall the effects of rebar can be isolated. 
The addition of a reinforcing bars reduced the resistivity, as expected.  However, this was not true 
in the case of steel fiber mortar with a single bar.  That result may have been affect by steel fiber 
distribution as it was later concluded that steel fiber properties dominate the resistivity readings.  
Also, it seems that on average the single bar and four bar had a similar effect.  More work will be 
needed in localizing the effects of the rebar.  Finally, the results from the mortar with one rebar 
matched the results from the concrete with limestone chip; with some effect due to the matrix 
changes.  It was also found that 6 inch x 12 inch cylinders matched more closely to the geometric 











Table 4.7: Average resistivity for mortar blocks without rebar. 
 













Center of Block 3.2 0.1 1.5 0.2 
Companion 
Cylinders, 4”x8” 




Table 4.8: Average resistivity for mortar blocks with one rebar. 
 













Center of Block 2.3 0.5 1.7 0.3 
Companion 
Cylinders, 4”x8” 




Table 4.9: Average resistivity for mortar blocks with four rebar. 
 













Center of Block 2.3 0.3 1.1 0.1 
Companion 
Cylinders, 4”x8” 





Table 4.10: Average resistivity for concrete blocks with one rebar. 
 













Center of Block 2.6 0.3 1.1 0.1 
Companion 
Cylinders, 4”x8” 
6.2 0.1 3.4 0.5 
Companion 
Cylinders, 6”x12” 
4.2 0.1 2.3 0.2 
 
Moving to a more focused study, scans were taken with a 1cm spacing both perpendicular and 
parallel to the reinforcing bar.  The single rebar block data is shown in Figure 4.17 for the 
perpendicular scan and Figure 4.18 for the parallel scan.  Note that the bar is placed at 0cm on the 
parallel plots.  The first thing to notice is that there is negligible variability in the plain sample, 
perpendicular to the rebar.  On the other hand the fiber sample shows variability along the scan, 
which is likely due to steel fiber effects.   
 
 
Figure 4.17: Resistivity scan, perpendicular measurement for single rebar mortar block. 
 



































Next when looking parallel to the rebar, the plain sample shows a decreasing resistivity with a 
minimum directly over the bar.  Such a result is expected as the rebar should conduct electricity 
and help to reduce resistivity.  In contrast, there is no distinct behavior when steel fibers were 
added.  The conclusion was that the steel fiber effects dominated the resistivity readings, even 
though there may have been some global reduction in surface resistivity due to the rebar.   
 
Figure 4.18: Resistivity scan, parallel measurement for single rebar mortar block. 
 
Similar readings were done with the covermeter, but at a much larger spacing and only parallel to 
the rebar.  Figure 4.19 and Figure 4.20 show the ‘Proceq’ covermeter, shallow and deep scan 
respectively, and Figure 4.21 shows the ‘Protovale’ covermeter.  In all of the cases, the highest 
reading is directly over the reinforcing bar.  However, the reading is much lower when steel fibers 
are present.  The conclusion was that the steel fibers may affect the magnetic field, as they were 
shown to do without reinforcing bars, but not they work to lower the signal.  It may be that there 
is a disruption to the eddy currents produced in the rebar.    








































Figure 4.20: Covermeter scan (Proceq, deep scan mode) for single rebar mortar block. 
 
























































Figure 4.21: Covermeter scan (Protovale) for single rebar mortar block. 
 
The tests were performed on the four bar specimens only considering parallel to the rebar.  Note 
the bars are placed at 4cm and 8cm symmetrically about the origin at 0cm.  Figure 4.22 shows 
again that fiber effects dominate.  The individual bars could not be localized in either case and had 
a more global effect on resistivity.  It was important to consider that the result were just for the 
specific layout examined and would vary depending on depth, cover, and spacing of the steel bars.  
It was observed in field testing that resistivity was not significantly affected by the prestressing 
tendons.   
































Figure 4.22: Resistivity scan, parallel measurement for four rebar mortar block. 
 
Figure 4.23 and Figure 4.24 show the ‘Proceq’ covermeter, shallow and deep scan respectively.  
Figure 4.25 shows the ‘Protovale’ covermeter data for the four bar specimens.  Again, the steel 
fiber blocks had lower signal readings compared to the plain case.   
 
Figure 4.23: Covermeter scan (Proceq, shallow scan mode) for four rebar mortar block. 



























































Figure 4.24: Covermeter scan (Proceq, deep scan mode) for four rebar mortar block. 
 
 
Figure 4.25: Covermeter scan (Protovale) for four rebar mortar block. 
 


























































Finally, the limestone chip blocks were tested.  Figure 4.26 plots the resistivity reading 
perpendicular to the rebar and Figure 4.27 plots the resistivity readings parallel to the rebar.  As 
before, fiber effects control the response in both cases and the plain readings were more affected 
by the local steel bar when the probe was parallel to it.  The matrix used was most closely related 
to the final production mix.  Therefore, the results were very useful in making the assertion that 
resistivity measurements were in fact characterizing the steel fiber phase on the composite.  
Furthermore even with a close and near surface reinforcing steel layout, it seemed that resistivity 
was still applicable.  Such was not the case for the cover meter as the results were highly variable 
and greatly affected by the tendons.   
 
 
Figure 4.26: Resistivity scan, perpendicular measurement for single rebar concrete block. 




































Figure 4.27: Resistivity scan, parallel measurement for single rebar concrete block.  Center 
of block is at 0 cm. 
 
4.4.3.3. Rotational Measurements 
Appendix A contains all of the rotational scan data.  Presented here is a summary of the key results.  
For a plain mortar without rebar, there should have been no difference in data taken at any angle.  
When rebar was considered, there was expected to be an effect.  The predicted behavior was 
observed in the plain mortar, and interest results were observed in the fiber reinforced mortar. 
Figure 4.28 shows polar plots of resistivity data taken at the center of the mortar block without 
rebar.  In the plain mortar the data is nearly circular, while in the fiber case there is some disruption.  
The disruption was attributed to fiber effects.  Similar, in Figure 4.29 the data for the plain mortar 
showed an elliptical shape aligned with the direction of the rebar.  In contrast, the data for the 
block with steel fibers and rebar was again disrupted and took a shape opposite the expected trend.  
Finally, the results for a single bar with concrete rather than mortar (Figure 4.30) again show the 
effect of steel fibers as more influential than the rebar.   




































Figure 4.28: Rotational scan at center of block without rebar, plain mortar of left and fiber 




Figure 4.29: Rotational scan at center of block with four rebar, plain mortar of left and 
















































































Figure 4.30: Rotational scan at center of block with one rebar, plain concrete of left and 
fiber reinforced concrete on right. 
From the polar plots, it was clear that the steel fibers have an effect based on the relative orientation 
of the probe.  Also, the addition of rebar did not affect the fiber reinforced mortar as much as the 
plain mortar.  While this could potentially indicate a means of fiber orientation prediction, 
validation through destructive methods is needed.  Such a validation will be discussed in Chapter 
6, where the rotational scans were repeated on production panels and orientation of fibers was 
predicted.   
4.4.3.4.  Resaturation 
After some preliminary field testing, it was clear that a method was needed to bring the samples 
to a consistent moisture content.  In the lab, saturated paper towels were placed on the surface of 
the block specimen and the specimen was covered with a plastic sheet.  Figure 4.31 shows one of 
the block specimens being under “resaturation”.  The method was chosen because it could be easily 









































           
Figure 4.31: Block specimen saturated with wet paper towels (left) and covered with plastic 
(right). 
Table 4.11 shows resistivity measurements for the mortar blocks, without rebar, initially and after 
one hour of the resaturation method.  Eleven readings were taken spaced across the specimen.  
There was a decrease in the average resistivity, as expected, because the water improves 
conduction of electricity through the matrix.  A greater benefit was the significant decrease in 
standard deviation.  The intake of water must improve the conduction path by filling the capillary 
air voids with water.   
 


















Dry 12.7 2.6 8.7 2.7 
Resaturated 
(1hour) 





The method was repeated on the specimens with four reinforcing bars; most similar to the field 
specimens.  Resistivity was monitored over time to better understand how the moisture ingress 
was affecting the data.  A total of 21 measurements were taken over the surface, both over and 
between reinforcing bars.  The data is tabulated in Table 4.12 for the plain mortar and in Table 
4.13 for the fiber reinforced mortar.  Furthermore, the average resistivity versus time for both 
specimens is plotted in Figure 4.32, and the standard deviation is plotted in Figure 4.33 .     
 










0.0 7.3 1.2 
1.0 8.0 1.1 
1.5 7.9 1.3 
12.0 6.9 1.2 
16.0 6.5 1.0 
20.0 6.3 0.9 
24.0 6.2 0.8 
 
 










0.0 4.9 2.3 
1.0 4.8 1.8 
1.5 4.7 1.9 
12.0 4.1 1.6 
16.0 4.0 1.4 
20.0 3.9 1.2 
24.0 3.8 1.1 
 
Again, there was an observable decrease in resistivity due to the moisture intake.  The reduction 
is an important consideration because if the specimen saturation is not uniform, their moisture 
gradients will through off the results.  Also compared to the previous testing, the time to reduce 
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the standard deviation was greater.  One thought was that the specimens dried out over the course 
of the study.  Still, there was a consistent decrease in variability which is important in insolating 
the fiber affects from the matrix properties.   
 
Figure 4.32: Decreasing average resistivity with increased time of resaturation. 
 
 
Figure 4.33: Decreasing standard deviation with increased time of resaturation.   
 
 














































































The laboratory testing offered much needed insight into the issues with characterizing the steel 
fiber phase in the SFRC specimens.  First of all, there were significant effects due to moisture 
state.  Also, the fibers tend to stabilize the resistivity readings both during curing and drying.  Not 
only was there a less gradual change in resistivity with curing and drying, but variability was also 
lower.  Hand placing fibers allowed for the investigation into orientation effects, and there is 
promise there in terms proving the effect of orientation but it must be kept in mind that the 
laboratory specimen was an idealized case.   
The most important results were with the block specimens containing rebar.  First of all, the rebar 
had a significant effect on resistivity data for the plain blocks and a less pronounced effect for the 
steel fiber reinforced matrices.  Also, the covermeter readings were significantly affected but the 
rebar and steel fiber interaction and it is unlikely that the method can be used effectively in areas 
of close reinforcement spacing.  Finally the rotational scans showed that the fibers had a profound 
effect on electrical anisotropy, and that the effect of the fibers tended to dominate over the expected 




5. PHASE THREE: FIELD TESTING AT UIUC 
5.2. INTRODUCTION 
After completing the laboratory testing phase (Chapter 4), the preliminary field testing phase 
began.  The goal of the field testing performed at The University of Illinois at Urbana-Champaign 
(UIUC) was to finalize the testing plan, now under the effects of environmental exposure, before 
implementation at the Pacadar precast facility in Sevilla, Spain.  Due to the size of the panels, 
outside storage was required.  There were many limitations with performing field testing in the 
southern Illinois environment such as limited facilities at the storage lot (e.g. water and electricity) 
and variable climate; temperature and humidity changes caused variability in the resistivity data.  
Also, the moisture state of the specimens was difficult to control, yet incredibly important in 
obtaining quality data.  Despite the limitations of field testing, many important results were 
obtained, the results were correlated to laboratory testing, and recommendations were to Pacadar 
with regards to preparation of production elements to be tested. 
5.2. PRODUCTION PANELS 
The panels tested at UIUC were sawn from large scale wind-tower elements, shown in Figure 5.1.  
Fiber content varied and specimens tested had 0, 25, and 50 kg/m3 steel fibers.  Also, the panels 
were complete with prestressing tendons in both the longitudinal and transverse directions.  As the 
specimens were from final production elements for conical wind-towers, there was a slight 
curvature and the specimens were tested on the interior, concave side.  Being sawn specimens, 
there were also saw cuts and mounting brackets which affected some of the readings.  Finally, it 
is important to note that the specifications of the production elements (i.e. matrix type, geometry, 
etc.) are proprietary and cannot be discussed in detail.  However it has been shown that the NDT 
methods can be extended to a variety of specimens, assuming there is proper understanding of the 




Figure 5.1: Production panel with testing grid. 
5.3. EXPERIMENT  
With the results from Chapter 4 as guidance, specifically with regards to effect of reinforcing bars, 
the focus of the field testing phase was on surface resistivity.  Working in the field posed several 
issues, and the most important being moisture condition and effectively controlling it.  There are 
also plans to utilize GPR in the future and preliminary testing in underway.  More importantly is 
the necessity to perform destructive validation to confirm the results.  Such work has not been 
completed at UIUC, however destructive validation is underway at the Pacadar facility and will be 
discussed further in Chapter 6. 
5.3.1. Resistivity Surveys in Dry Condition 
A preliminary survey was done in the dry condition, to understand the effects of the new specimen 
features on the method.  Testing was performed on the panels using the reinforcement layout to 
guide the grid placement.  A 15cm by 4.5cm grid was used to match the tendons and the resistivity 
probe size.  Tendons were spaced roughly 9 cm and the probe is 15 cm, meaning each test was 
independent (15cm grid spacing) and there is a combination of testing above and between the 
tendons.  Note also that testing was performed with the probe parallel to the reinforcing tendons.  
With the close tendon spacing in the tendons, the effect on resistivity is homogenized.  However, 
the effect was disruptive on cover meter results and the method was found to not be a viable option.  
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5.3.2. Field Saturation Methods 
Several methods of field saturation were attempted, but due to limitations at the storage facility 
limited testing was performed.  The first method was similar to the laboratory saturation with 
surface soaking.  Cotton towels were saturated and placed on the specimen surface, as shown in 
Figure 5.2.  There were issues with the towel method as the towels would dry out and it was not 
feasible to continue to re-saturate them.  The second method was using a water basin and ponding 
water on the specimen surface, as shown in Figure 5.3.  A water basin provided a continuous 
supply of water but is still a difficult method due to the size of the panel and the curved surface.  
The ideal method would be to create an environment where the samples could be brought to 100% 
relative humidity.   
 
Figure 5.2: Cotton towel saturation method.   
 
Figure 5.3: Water basin for surface ponding saturation. 
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5.4. RESULTS AND DISCUSSION 
5.4.1. Resistivity 
Table 5.1 shows the statistics from the resistivity survey and Figure 5.4 shows the same data 
visually in a box plot.  Also, Figure 5.7 shows the data as a contour plot over the panel surface.  
On average, the results show a difference due to fiber content, but the variability is too high for 
the results to be statistically meaningful.  Furthermore, the variability produces contour plots that 
may or may not offer insight to the spatial distribution of steel fibers as the resistivity gradient 
could also be a result of moisture.  The behavior is similar to what was observed in Chapter 3 with 
the Pacadar beam samples.  On the contour plot, the effect of reinforcement was not as prevalent 
compared to the cover meter results. 









0 kg/m3 140.6 14.1 
25 kg/m3 61.3 14.6 
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On another day of testing, the two 25 kg/m3 panels were examined.  The panel without steel fibers 
was also examined and the results are tabulated in Table 5.2 as well as shown visually in Figure 
5.6.  As the panels had continued to dry, the average resistivity had increased, with the greatest 
increase being in the plain panel.  Such a result was expected based on Chapter 4.  Also, the data 
sets for the 25 kg/m3 panels are equivalent (Figure 5.7).  However, the spatial distribution observed 
from the contour plots in Figure 5.8 offers little insight into the dispersion of steel fibers in the 
panel.   











P7 0 kg/m3 190.3 34.2 
P1 25 kg/m3 63.5 22.0 
P6 25 kg/m3 66.9 22.4 
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Figure 5.8: Contour plots showing resistivity survey results.  Note the scale differences for plot of the plain panel compared to 







































































































5.4.2. Towel Saturation 
Table 5.3 shows the results from the plain panel during saturation.  There are several issues to note 
here.  First, the variability increased and second, the average fluctuated.  The change in average 
resistivity was due to temperature effects while the change in standard deviation was attributed to 
the inconsistent moisture content as the towels dried and as the matrix may have inconsistently 
absorbed water.  Finally, the effect of ion leaching could have caused both the change in average 
resistivity and increased variability.  Results from the plain panel did not match what was observed 
in laboratory testing nor what was observed with the steel fiber panel, considering either the towel 
saturation or the water basin method.  One explanation is the surface saturation caused significant 
leaching from the plain panel, changing the matrix, and increasing variability.  Another 
explanation is environmental effects and uneven saturation could have caused the variability.   
 









0 143.4 14.1 
4 142.9 14.3 
24 152.4 19.7 
26 160.2 16.1 
27 155.2 14.0 





Figure 5.9: Resaturation results.   
The cotton towel method was applied to the panel with fibers, in a smaller area and over a shorter 
time to allow for the continuous addition of water.  Also, a control section was left unsaturated 
although may have been affected by the change in humidity.  There is a steady decrease in 
variability in the panel that was saturated and a much less significant decrease in the control 
section.  Also, the average reading fluctuated likely from temperature as the drift observed in both 
the control side and saturated side.  It was expected based on Chapter 4 that the resistivity would 
decrease due to increased moisture and therefore conductivity.   











0 59.1 19.4 
1 63.0 13.0 
2.5 59.8 12.5 
5 59.2 11.8 
Control 
0 61.6 21.0 
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Figure 5.14: Change in resistivity over 5 hours. 
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Figure 5.16: Standard deviation with time for control and saturated panel sections.   
5.4.3. Water Basin Saturation 
Table 5.5 shows the different between the initial state and the saturated state.  Clearly there is a 
significant difference in average resistivity, attributed to increased moisture content.  The 
variability also was reduced, almost comically.  Visually, from the box plots shown in Figure 5.17, 
there were many readings that could be considered outliers.  The outliers are due to high moisture 
content as the saturation reduced both number of outliers as well as the statistical spread in the 
data.   









Initial 123.1 124.9 
Resaturated 73.4 17.4 
 
 










































Figure 5.17: Box plots for dry and saturated conditions, bottom plot is rescaled. 
Figure 5.18 shows the resistivity data in contour plot form, and Figure 5.19 shows the same data 
but with the same color scale.  Interestingly from the contour plots from both cases, it was observed 
that similar features existed even after saturation.  That is, high and low points occurred in the 
same location even with saturation.  Such a results could be due to steel fiber content but may be 




























































Figure 5.18: Contour plots for initial (top) and saturated state (bottom), plotted with 
















































































































































With the rebar affecting covermeter significantly, the focus of the field testing was on resistivity.  
It was observed that the reinforcing tendons were not significantly affecting the surface resistivity 
results, but there was other issues to overcome.  On average, the different fiber contents were 
distinguishable and it is hoped that resistivity, if properly calibrated, and contour mapping can 
show areas of high and low fiber content.  However moisture content variability, as well as other 
environmental effects, cause drift and variability in the data.  Finally, there is still a need for 
verification either with additional NDT (e.g. GPR) or some form of destructive testing (e.g. 





6. PHASE FOUR: IMPLEMENTATION AT FACILITY IN SPAIN 
6.1. INTRODUCTION 
The following chapter documents the testing performed at the Pacadar precast concrete plant 
located near Sevilla, Spain.  Several panels of different properties were tested using surface 
electrical resistivity.  Test samples were drawn from two groups: Panel #416 and Panel #395.  Each 
group had a different fiber content and matrix type.   
Surface resistivity scans were performed at 0 and 90 degrees (with 90 degrees being parallel to 
reinforcing tendons).  The data are presented as contour plots in terms of both resistivity and 
conductivity.  Varied angle measurement electrical resistivity scans (template scans) were also 
performed at several locations, and cores were removed.  The data are used to predict fiber 
dispersion differences between core locations within a given panel section.  Also, the principle 
fiber orientations within each core were predicted based on the polar plots.   
The subsequent sections summarize the processed data, predict fiber dispersion and alignment in 
the cores, and finally guide additional beam specimens to be extracted and tested for fracture 
toughness.  The validation phase of this project will be the verification of core-to-template and 
beam-to-contour data, and is currently underway.   
6.2. CONTOUR PLOTS 
All of the contour plot images based on the surface data taken from each panel section are shown 
in Appendix B.  An example set of images from one panel set is shown in Figure 6.1 and Figure 
6.2. For each panel, there are four plots for each panel section and test unit configuration when 
applicable (i.e. 0 degrees and 90 degrees).  The first two plots (Figure 6.1) show resistivity and 
conductivity, respectively, built up of the same data set.  The next two plots are identical to the 
first two, but now the tendon position is indicated with red dashed lines (Figure 6.2).  It is important 
to note that the x-axis scale assumes a tendon spacing of 9cm; the spacing may vary among all the 
panels but the plots can be interpolated in terms of location relative to tendons.  Note that the white 
regions in the plots indicate missing data due to either geometric constraints (i.e. surface 
protrusions) or, in one case, outliers that were removed (e.g. Panel #395 B2 3 90degrees).  Another 
interesting finding was from a replicate test performed on the same panel, but at different times.  





Figure 6.1:  Resistivity (left) and conductivity (right) contour plots for data collected from panel #416 2 1 using the 90o test 
configuration. The units of resistivity are kilo-Ohm-centimeters (kOhm-cm) and the units of conductivity are milli-Siemens 




































































































Figure 6.2: Resistivity (left) and conductivity (right) contour plots for data collected from panel #416 2 1 using the 90o test 
configuration. The units of resistivity are kilo-Ohm-centimeters (kOhm-cm) and the units of conductivity are milli-Siemens 









































































































































































































6.3. SUGGESTED BEAM EXTRACTION LOCATIONS 
To validate the steel fiber dispersion depicted by the conductivity contour plots, beams were to be 
sawn at specified locations.  An example plot is shown in Figure 6.4, and the rest can be found in 
Appendix B.  The green, solid boxed regions are those that are expected to have higher fracture 
toughness.  The red, dashed boxed regions are expected to have lower fracture toughness.  The 
arrows within the green and red boxes indicate the suggested direction of the length of the beam 
to be extracted and tested.  The contour plots shown here are collected with probe orientation of 
90 degrees, meaning that the sensor line is parallel to tendons.  It was recommend that as many 
beams as possible be extracted from the area bound by the dimensions of the indicated boxes, as 
suggested in Figure 6.4.  The validation is currently underway.   
 
 
Figure 6.4: Example of suggested beam extraction location based on contour plot of 




6.4. ROTATIONAL SCANS 
Using the data from the contour plots as a guide, several point locations, which showed either low, 
medium or high resistivity, were selected for core extraction. At those same locations, rotational 
resistivity tests were performed.  In the rotational tests the Resipod test probe was rotated about a 
fixed origin, in 15 degree increments, as shown in Figure 6.5.  Also the probe orientation was 
rotated a full 360 degrees so that complementary repeat data points were collected to verify 
symmetry (or data drift), as shown in Figure 6.6.  All the rotational results are collected in 
Appendix B.  The 90 degree contours with the selected core locations indicated are shown in 
Appendix B.  Section 5.2 examines the statistics of the core data to verify initial predictions about 
relative resistivity between core locations, as well as to understand reliability of the data.  Section 
6.4.2 presents a summary of the fiber orientation predictions.   
 
 








6.4.1. Data from Core Locations 
The data from the rotational tests are presented in two ways: a polar plot (Figure 6.7) and a line 
plot (Figure 6.8).   Polar and line plots from all core location can be found in Appendix B, while 
Figure 6.7 and Figure 6.8 only illustrate core location A as an example.  The polar plot shows the 
raw resistivity data versus angle of measure (points), as well as an elliptical fit (line) to the data.  
The line plots show the data from 0 to 165 degrees overlaid with the data from the same 
measurement set from 180 to 345 degrees.  The overall shape (electrical anisotropy) can be 
observed in both the line and polar plots.  The drift during the actual measurement, or the lack of 
symmetry due to the nature of the test, are shown in the line plots.  For example, the plots from 
core A suggest that fibers in Core A are oriented primarily between 345 to 15 degrees and 150 to 
180 degrees, associated with directions of low resistivity  The orientation predicted is also 
perpendicular to the reinforcing tendons and parallel to the flow of concrete during casting. The 
data also show reasonable consistency throughout the full rotation of the test, as indicated by the 
overlaid lines in Figure 6.8.   
 






















Figure 6.8: Example line plot for core location ‘A’. 
Interestingly, in most test cases the direction of highest resistivity was measured parallel to the 
tendons.  (This is known as the R_90 value.)  Such behavior is opposite what would be expected 
based on lab testing and intuition about surface resistivity.  Also, in general, the data in the 
rotational set form clear elliptical shapes.  It was concluded that the behavior was indicative of 
fiber alignment effects.  However, other unforeseen geometric effects or unidentified transverse 
tendons could also be a cause of this behavior.  Validation of these measurements with direct 
observation of core samples will provide insight about the behavior of the polar plots.   
Furthermore, it seems that visual interpretation of the data is the best way to interpret fiber 
orientation.  It was therefore proposed to use the polar plots combined with the line plots to observe 
trends in resistivity (lows and highs) as well as to consider any noise or results that could be 
questionable.  The predicted fiber orientation also took into consideration other data parameters; 
two examples being percent difference in data area calculations (raw data versus elliptical fit) and 
also the elliptical fit radii comparison.  The collection of the data gave an idea of cores that were 
expected to be accurately characterized by resistivity. The difference in the line plots (e.g. the 








































difference between them, perhaps in a similar integral/area method) may be useful for examining 
the reliability of the data.  The predictions are based on statistical analysis, analysis of data fitting 
parameters, and most importantly visual interpretation of the polar resistivity plots.  Following the 
validation phase the method will be refined and automated to include whatever criteria were found 
to match prediction to actual result.   
6.4.2. Summary of Core Predictions 
Here the principal fiber orientations at each core location are predicted.  The predictions are based 
on combined interpretation of the following data parameters: average resistivity from rotational 
data set, ratio of maximum and minimum of rotational data set; ratio of elliptical fit axes, area 
within elliptical fit; and rotation of the fitted ellipse.  For example, Core A data (shown in 
Appendix B) show clear and consistent data among the parameter set, indicating principal fiber 
orientation direction between 345 to 15 degrees and 150 to 180 degrees. (Note that these zones are 
not diametrically opposed from each other; this is possible because the fiber length is smaller than 
the diameter of the core, and as such one side of the core may have a different fiber distribution 
than the diametrically opposing side.) However, the data set from Core B shows mixed results. 
The data from Core B (shown in Appendix B) do not show clear elliptical form, and the data are 
variable in terms of the polar plot and the line plot (i.e. repeatability).  The ratio of radii obtained 
from the elliptical fit process showed that the data more closely fit a circle rather than an ellipse; 
these results suggest random fiber orientation.  Also, the percent difference between the area of 
the elliptical fit and the area of the raw data was greater than 10%, indicating again that the data 
may not be reliable.  However the line plot data do indicate a minimum value of resistivity between 
120 to 150 degrees and 300 to 330 degrees.  Considering all the data, Core B was predicted to have 
some preferred fiber orientation between 120 and 150 degrees, but it was noted that the predicted 
orientation is less reliable than that for Core A.  The various parameters in the analysis helped to 






Fibers are expected to be oriented between 345 to 15 degrees and 150 to 180 degrees. 
 
Core B 
Fibers are expected to be oriented between 120 to 150 degrees and 300 to 330 degrees. However, 
from inspection the data may be either noisy or have an inconsistent fiber alignment.  
(Radii ratio check suggests uniform distribution) 
(Greater than 10% difference between Area of Data and Area of Fit) 
 
Core C 
Fibers are expected to be oriented between 15 to 45 degrees, 120 to 150 degrees, 210 to 240 
degrees, and 200 to 330 degrees.  The plot shows what appear to be two low regions.  However, it 
could also be that the alignment is perpendicular to the high point meaning 15 to 30 degrees and 
195 to 210 degrees.  Again, this is why there needs to be an understanding between the processing 
and the physical behavior.   
(Radii ratio check suggests uniform distribution) 
 
Core D 
Fibers are expected to be oriented between 75 to 110 degrees and 255 to 285 degrees.  Could also 
have other region shown by the odd shape in the polar plot.   
(Greater than 10% difference between Area of Data and Area of Fit) 
 
Core E 
Fibers are expected to be oriented between 0 to 15 degrees and 180 to 195 degrees. 
 
Core F 
Fibers are expected to be oriented between -15 to 15 degrees and 150 to 180 degrees. 
 
Core G 
Fibers are expected to be oriented between 45 to 70 degrees and 225 to 285 degrees. 
 
Core H 
Fibers are expected to be uniformly oriented.  
(Confirmed by radii ratio check) 
 
Core I 
Fibers are expected to be oriented at 90 degrees and 270 degrees.  But there is also interesting 
behavior at 0 degrees and 180 degrees.   





Fibers are expected to be oriented between 90 to 150 degrees and 270 to 330 degrees.  Also, may 
have aligned fibers at 30 degrees and at 210 degrees. 
(Greater than 10% difference between Area of Data and Area of Fit) 
 
Core K 
Fibers are expected to be oriented between -15 to 15 degrees and 165 to 195 degrees. 
 
Core L 
Fibers are expected to be oriented between 90 to 120 degrees and 270 to 300 degrees. 
(Greater than 10% difference between Area of Data and Area of Fit) 
 
Core M 
Fibers are expected to be oriented between 135 to 160 degrees and 315 to 345 degrees. 
(Greater than 15% difference between Area of Data and Area of Fit) 
 
Core N 
Fibers are expected to be oriented between 60 to 90 degrees and 240 to 270 degrees. 
 
Core O 
Fibers are expected to be oriented between 90 to 120 degrees and 270 to 300 degrees. 
(Radii ratio check suggests uniform distribution) 
 
Core P 
Fibers are expected to be uniformly oriented.  
(Confirmed by radii ratio check) 
There may be slight preferential orientation along 90 degrees and 270 degrees. 
 
Core Q  
Fibers are expected to be oriented between 105 to 120 degrees and 295 to 315 degrees. 
(Radii ratio check suggests uniform distribution) 
 
Core R 
Fibers are expected to be oriented between 105 to 135 degrees and 300 to 330 degrees. 
(Radii ratio check suggests uniform distribution) 
 
Core S 
Fibers are expected to be oriented between 105 to 135 degrees and 300 to 330 degrees. 





Fibers are expected to be oriented between 30 to 60 degrees and 210 to 240 degrees. 
(Radii ratio check suggests uniform distribution) 
 
Core U 
Fibers are expected to be oriented between 90 to 120 degrees and 270 to 300 degrees. 
 
Core V 
Fibers are expected to be oriented between 15 to 45 degrees and 195 to 225 degrees. 
(Greater than 10% difference between Area of Data and Area of Fit) 
 
Core W 
Fibers are expected to be oriented between 0 to 30 degrees and 195 to 225 degrees.  This is another 
polar plot that could have multiple orientation aspects.     
(Radii ratio check would suggested uniform)  
 
Core X 
Fibers are expected to be oriented at 30 degrees and at 210 degrees.  But it may also be a uniform 
orientation with some other factor affecting the reading at 135 degrees.  
 
Core Y 
Fibers are expected to be uniformly oriented.   
(Confirmed by radii ratio check) 
 
Core Z 
Fibers are expected to be uniformly oriented.   
(Confirmed by radii ratio check) 
However, there may be orientation between 90 to 120 degrees and 285 to 315 degrees.   
 
Core AA 
Fibers are expected to be oriented between 135 to 165 degrees and 315 to 345 degrees.  But may 
also have orientation between 40 to 60 degrees and 210 to 240 degrees.  
(Radii ratio check suggests uniform distribution)  
(Greater than 10% difference between Area of Data and Area of Fit) 
 
Core AB 





The chapter has documented the processed results from field tests at the Pacadar facility.  Contour 
plots for the different panel groups are shown and information about the core locations discussed.  
Predictions about fiber orientation at core locations are made based on the resistivity data.  
Locations for beams to be extracted and fracture tested are also proposed.   
The final phase of the project will be direct validation of the resistivity results.  The validation 
consists of three tasks: 1) validation of fiber dispersion between cores; 2) validation of fiber 
orientation in cores; 3) validation of resistivity-to-fracture toughness correlation with beam 
specimens.  There is also the potential to match the magnetic inductance measured for each core 
and beam to the resistivity.  The data, considered together, could be used for future tests to be 
performed that would be more controlled in terms of resistivity to fracture toughness.  Finally, 
there is potential to use the round panel fracture toughness test combined with surface resistivity 





7. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
This thesis documented the research, preliminary investigation, development, and implementation 
of electrical surface resistivity to monitor dispersion and orientation of steel fibers in precast 
concrete wind-tower elements.  Various sample geometries, matrix types, and fiber specifications 
have been examined, and the inclusion of reinforcing steel has also been considered.  Other 
nondestructive test methods were examined (i.e. mechanical wave propagation, eddy current, and 
radar), and while there were benefits and drawbacks to each method, given the specifications of 
the production elements (e.g. conical panels with a close tendon spacing) it was concluded that the 
most promising test method was electrical surface resistivity.  There is still potential to implement 
ground penetrating radar, but further field testing is required.  For example it unknown as of yet 
how the reinforcing tendons and steel fibers will collectively influence the radar signal.  The 
validation of the nondestructive test findings is currently under way, and the outlook is promising 
based on the results in Chapter 6.  However, there are still many issues to overcome (e.g. moisture 
content) in order to implement the method consistently and reliably.   
Based on the results presented in this thesis, the following conclusions are drawn: 
 Steel fibers will have an effect on the various NDT methods for quality control of concrete; 
this effect needs to be considered aside from the characterization of the steel fiber phase 
itself. 
 Results from mechanical wave testing were not significantly affected by fiber volume 
likely due to the low volume fraction of steel fibers and the already high level of 
heterogeneity of concrete.  In contrast, electrical methods (specifically electrical surface 
resistivity) were greatly affected due to the conducting nature of the steel fibers.  
Furthermore, it was found that both fiber volume and orientation had a measureable effect 
on the results using these methods; both in laboratory and field testing.   
 Representative specimens that consider geometry, concrete matrix properties, steel fiber 
content, and reinforcement layout are necessary to accurately capture the complex 
interaction between electrical NDT methods and the steel fiber composite. 
 While the actual production (i.e. batching, casting, etc.) of the wind tower elements was 
well controlled and the tomographs showed relatively homogenized fiber-concrete matrix 
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properties, there are still local disruptions in fiber properties that may be difficult to detect, 
such a voids and variation through the thickness. 
 Moisture content is an important consideration and needs to be controlled and monitored 
(perhaps with embedded relative humidity sensors) during the production facility 
implementation of electrical resistivity measurements. 
 The electric field created by the resistivity electrodes is relegated to the near surface region 
and depends on the probe spacing. A variable probe spacing helps to interrogate various 
depths of the concrete, which could be helpful to alter tests depending on the location of 
the test relative to reinforcing bars and panel thickness.   
 Field surface resistivity testing results for fiber dispersion and orientation matched the 
expected behavior, but physical validation (i.e. destructive testing through cores and 
fracture beams) is required; otherwise the results from resistivity testing are only a best 
guess, based on all available knowledge about the operating principle and informed 
interpretation of the results.   
In any event, the results from both laboratory testing and field implementation have helped to 
develop a fuller understanding of the complexities associated with using SFRC as a construction 
material, as well as the nuances related to implementing electrical methods to characterize discrete 
conductive inclusions in a cementitious matrix.  Based on the results presented in this thesis, the 
assumed success of the validation phase, and better methods to control moisture content, it appears 
that electrical surface resistivity testing should be further developed.  The validation phase could 
also be extended to consider additional laboratory specimens and to monitor the fracture 
properties, similar to the plan employed by Barnett et al., but now on a larger scale [14].  Future 
studies could implement electrical resistivity tomography to automate some of the investigation 
and produce a broader understanding of the internal conductive map produced from the differing 
fiber properties.  Promising results with radar testing suggests another potential method and 
research campaign for SFRC characterization.  Such testing is underway by using the GPR unit 
from the preliminary testing phase and the panels used in the field testing done at UIUC (see 
Chapter 5).  It is hoped that the work presented here will be useful to Pacadar, other researchers 
working in NDT for concrete (fiber reinforced or otherwise), and ultimately to industry 
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APPENDIX A: ADDITIONAL DATA FROM REBAR BLOCK TESTS 
 
Tables A.1 to A.4 tabulate the average value of rotational resistivity scans taken at various 
locations on the block specimens.  Figures A.1 to A.9 show the individual rotational scans.  The 
data reinforces the conclusions that: 1) steel fibers have a quantifiable effect on resistivity; 2) 
reinforcing steel will have a global effect; and 3) fiber orientation effects seem to dominate the 
rotational plots as the axis of anisotropy does not align with what was predicted (i.e. lowest 
resistivity in line with the reinforcing steel).  The last conclusion has not been validated 
destructively but field test have shown promising results (Chapter 6).   
 
 
Table A.1: Average of rotational data for mortar blocks without rebar. 
Test Location 













1 Center 5.4 0.1 2.5 0.3 
2 1st Quadrant 5.3 0.1 2.8 0.3 
3 2nd Quadrant  5.0 0.2 2.3 0.3 
4 3rd Quadrant 4.9 0.3 2.1 0.4 





Table A.2: Average of rotational data for mortar blocks with one rebar. 
Test Location 
Plain Mortar, One Rebar 














1 Center 2.3 0.5 1.7 0.3 
2 
4.5 cm Left of 
Bar, Center 
2.4 0.2 1.2 0.1 
3 
4.5 cm Right 
of Bar, Center 
2.4 0.2 1.4 0.2 
4 
11 cm North 
of Center 
2.3 0.5 1.4 0.2 
5 
4.5 cm Left of 
Bar, 11 cm 
North of 
Center 
2.6 0.3 1.4 0.2 
6 
11 cm South 
of Center 
2.6 0.4 1.3 0.1 
7 
4.5 cm Right 
of Bar, 11 cm 
South of 
Center 





Table A.3: Average of rotational data for mortar blocks with four rebar. 
Test Location 
Plain Mortar, Four Rebar 














1 Center 2.1 0.2 1.1 0.1 
2 
11 cm North 
of Center 
2.3 0.3 1.1 0.1 
3 
11 cm South 
of Center 
2.3 0.3 1.1 0.1 
4 
4.5 cm Left of 
Bar, 11 cm 
South of 
Center 
2.2 0.3 1.4 0.1 
 
 
Table A.4: Average of rotational data for concrete blocks with one rebar. 
Test Location 
Plain Concrete, One 
Rebar 














1 Center 2.6 0.3 1.1 0.1 
2 
4.5 cm Left of 
Bar, Center 
2.7 0.3 1.4 0.2 
3 
4.5 cm Right 
of Bar, Center 
2.6 0.2 1.5 0.2 
4 
4.5 cm North 
of Center 
2.7 0.3 1.3 0.2 
5 
4.5 cm South 
of Center 




(A)                       (B) 
 
(C)        (D) 
 
Figure A.1: Rotational scans, plain mortar: A) first quadrant of block; B) second quadrant of block; C) third quadrant of 
















































































(A)                       (B) 
 
(C)        (D) 
 
Figure A.2: Rotational scans, mortar with steel fibers: A) first quadrant of block; B) second quadrant of block; C) third 


















































































































































(A)        (B) 
 
(C)        (D) 
 
Figure A.4: Rotational scans, plain mortar with one rebar: A) 11 cm north of center; B) 4.5 cm left of bar, 11cm north of 






















































































































































(A)        (B) 
 
(C)        (D) 
 
Figure A.6: Rotational scans, mortar with fiber and one rebar: A) 11 cm north of center; B) 4.5 cm left of bar, 11 cm north of 


















































































   
(A)        (B) 
 
(C)        (D) 
 
Figure A.7: Rotational scans, plain mortar with four rebar: A) center of specimen; B) 11 cm north of center; C) 11 cm south of 


















































































(A)        (B) 
 
(C)        (D) 
 
Figure A.8: Rotational scans, mortar with fibers and four rebar: A) center of specimen; B) 11 cm north of center; C) 11 cm 

















































































(A)        (B) 
 
(C)        (D) 
 
Figure A.8: Rotational scans, plain concrete with one rebar: A) 4.5 cm left of center; B) 4.5 cm right of center; C) 4.5 cm north 


















































































(A)        (B) 
 
(C)        (D) 
 
Figure A.9: Rotational scans, concrete with fibers and one rebar: A) 4.5 cm left of center; B) 4.5 cm right of center; C) 4.5 cm 


















































































APPENDIX B: ADDITIONAL DATA FROM FIELD TESTING AT 
PACADAR FACILITY 
 
The following figures (Figures B.1 to B.10) show the contour plots from the electrical resistivity 
tests and the statistics are also shown in Table B.1.  All testing was performed on the convex side 
of the panel with the probe in line with the tendons, with the exception of Panel #416 3 2 being 
tested on the concave side.  For each panel section plot, both the resistivity data and conductivity 
data (i.e. inverse of resistivity) are plotted with respect to the tested surface area.  The units of 
resistivity are kilo-Ohm-centimeters (kOhm-cm) and the units of conductivity are milli-Siemens 
per centimeter (mS/cm), as indicated in the color scale.  Note that in Panel #395 B2 3, extreme 
outlier data were removed from consideration, and the missing data points are represented as white 
regions on the contour.  The outliers were in a region that was either not fully saturated with water 
or had significant material quality issues; this was the only panel section that showed the outlier 
behavior.  In all other cases, the white regions represent regions where data were not collected 
because of geometric or access constraints.  To confirm that the contour plots are indeed showing 
steel fiber dispersion, beams are to be extracted at locations shown in Figure B.11 and B.12 and 
the fracture properties will be correlated to resistivity (and therefore assumed fiber content).   
 














#416 3 L 15.2 3.6 26.5 6.8 
#416 3 L - 
Replicate 
15.3 3.9 28.5 7.0 
#416 2 1 17.8 5.3 35.1 7.4 
#416 2 3 12.1 4.7 28.1 3.2 
#416 3 2 8.4 3.6 24.7 2.1 
#395 B2 3 309.9 136.9 1260.0 67.4 
#395 B2 3 - 
Reduced 
281.7 80.2 492.0 67.4 
#395 B2 1 287.1 115.2 761.0 66.2 
#395 B1 2 141.7 35.3 248.0 51.2 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Beam Locations  
 
 
  (A)          (B)       (C)      (D) 
 





  (A)          (B)       (C)      (D) 
 
Figure B.12: Beam locations on conductivity contours for Panel #395: A) #395 B1 2; B) #395 B1 R; C) #395 B2 1; D) #395 B2 3. 
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Polar Plots of Rotational Data 
Figures B.13 to B.40 show the polar plots and symmetry check for the various core locations.  
Note, the polar plot angles are in units of degrees and the radial axis is resistivity with units of 
kOhm-cm.  For the symmetry verification plot the data from 0 to 165 degrees is compared to the 
data from 180 to 315 degrees; same probe position but with electrode location switched.  
 
Figure B.13: Polar plot and symmetry check for core location A. 
 




















































































































Figure B.15: Polar plot and symmetry check for core location C. 
 
 





















































































































Figure B.17: Polar plot and symmetry check for core location E. 
 
 
























































































































Figure B.19: Polar plot and symmetry check for core location G. 
 
 




















































































































Figure B.21: Polar plot and symmetry check for core location I. 
 
 















































































































































































































































Figure B.25: Polar plot and symmetry check for core location M. 
 
 
















































































































Figure B.27: Polar plot and symmetry check for core location O. 
 
 

























































































































Figure B.29: Polar plot and symmetry check for core location Q. 
 
 


















































































































Figure B.31: Polar plot and symmetry check for core location S. 
 
 



















































































































Figure B.33: Polar plot and symmetry check for core location U. 
 
 


















































































































Figure B.35: Polar plot and symmetry check for core location W. 
 
 




















































































































Figure B.37: Polar plot and symmetry check for core location Y. 
 
 






















































































































Figure B.39: Polar plot and symmetry check for core location AA. 
 




















































































































Core Data Plotted on Resistivity Contours 
 
Figures B.41 and B.42 show the location of each core on the corresponding 90 degree resistivity contour plot.  A red arrow suggests, 
roughly, the predicted principal orientation of the fibers.  Note, this is only a general description and more detailed orientation predictions 
are provided in Section 5.3 of this report.  Also on each image, a green arrow indicates the casting flow direction of each panel.   
 
 
      (A)                (B)            (C)    (D) 
 
Figure B.41: Core locations and fiber orientation predictions on resistivity contours for Panel #416: A) #416 2 1; B) #416 2 3; 




      (A)                (B)       (C)     (D) 
 
Figure B.42: Core locations and fiber orientation predictions on resistivity contours for Panel #395: A) #395 B1 2; B) #395 B1 




Core Data Statistics 
 
The data in Tables B.2 and B.3 show the comparison between resistivity predictions based on the 
90 degree contour data set and those from the 90 degrees orientation from the rotational 
measurement set (R_90 from the template measurement) at all selected core locations. Most results 
matched well, and any differences could be due to drift in the data from environmental changes or 
a result of the contour algorithm that guided the coring.  A more thorough investigation into the 
template data will better indicate fiber dispersion within the cores.   
 
Table B.2: Core predictions and results for Panel 416. 
Panel 416 3 (L) 
Core A B C D 
R_90 25.4 16.6 24.8 8.3 
Prediction Medium Low High Low? 
Match? No Yes No Yes 
          
Panel 416 2 (1)   
Core E F G   
R_90 21.1 15.5 15.8   
Prediction High Medium Low   
Match? Yes No No   
          
Panel 416 2 (3) 
Core H I J K 
R_90 26.9 10 8.5 20.5 
Prediction High Low Low Medium 
Match? Yes Yes Yes Yes 
          
Panel 416 3 (2)   
Core L M N   
R_90 4.3 10 4.6   
Prediction Very Low Medium Low   






Table B.3: Core predictions and results for Panel 395. 
Panel 395 B2 (3) 
Core O P Q R 
R_90 564 207 319 222 
Prediction High Low Medium Low 
Match? Yes Yes Yes Yes 
          
Panel 395 B2(1)   
Core S T U   
R_90 537 202 101.7   
Prediction High Low Low   
Match? Yes Yes Yes   
          
Panel 395 B1 (2) 
Core Y V W X 
R_90 165.6 271 153.7 128 
Prediction High (edge) High Medium Low 
Match? No Yes Yes Yes 
          
Panel 395 B1 (R)    
Core Z AA AB   
R_90 180.8 131.7 70.1   
Prediction Medium/High Medium Low   









Figure B.43: Histogram of maximum over minimum resistivity for core data.     
 
Figure B.44: Histogram of elliptical fit radii comparison.   
 
Shown in Table B.4, the resistivity (maximum to minimum) and the elliptical fit radii parameters 
showed good agreement.  Differences could be due to more variability in the data and could help 
predict reliability of alignment predictions.  The histograms above show the distribution of this 




































data, and may be useful in predicting a cut of for a reliable alignment prediction versus a more 
uniformly distributed fiber network.  This should be combined with other reliability metrics. 
   









H 1.2 H 1.0 
S 1.3 S 1.1 
Y 1.4 Y 1.1 
R 1.4 Z 1.2 
P 1.4 P 1.2 
Z 1.4 R 1.2 
Q 1.5 AA 1.2 
T 1.7 W 1.3 
K 1.8 T 1.3 
C 1.8 Q 1.3 
AA 1.9 B 1.3 
G 1.9 C 1.4 
W 2.0 O 1.4 
O 2.0 X 1.5 
F 2.0 J 1.5 
J 2.0 AB 1.5 
U 2.1 K 1.7 
B 2.2 U 1.7 
AB 2.3 G 1.7 
E 2.3 D 1.7 
A 2.4 F 1.9 
X 2.4 N 1.9 
D 2.9 A 2.0 
V 3.0 M 2.1 
N 3.1 E 2.2 
M 4.2 I 2.6 
I 4.2 V 2.8 
L 6.2 L 4.0 
 
The cores H, P, R, S, Y, and Z all showed to be of uniform shape based on both methods of 
comparison.  This matches with what was observed from the polar plots themselves.  Also, AA, 
W, T, Q, B, C, and O would be considered uniform simply from looking at the ellipse radii 
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comparison.  However, when looking at the polar plots there does appear to be some influence of 
angle on resistivity.  It seems that a good method would be to compare the difference in orthogonal 
resistivity values or use a low level for the radii comparison when determining what would be 
considered a core with preferred orientation.   
 
Figure B.45: Histogram of average resistivity in polar plot for Panel 416. 
 
Figure B.46: Histogram of average resistivity in polar plot for Panel 395. 




































The average resistivity in Panel 395 shows a larger range as well as a greater difference between 
the highest and lowest.  The two highest ones, cores O and S, were on two separate panel sections 
and will likely have lowest fiber content of the Panel 395 group.  
 
Table B.5: Core results for Panel 416. 












D 785.6 D 704.5 D 14.4 D 8.3 
A 1145.9 B 1004.5 B 17.5 B 16.6 
B 1163.2 A 1119.3 A 18.2 C 24.8 
C 1286.8 C 1224.9 C 19.5 A 25.4 
        












M 211.2 M 174.6 M 6.9 L 4.3 
N 282.6 N 263.8 N 8.8 N 4.6 
L 419.5 L 377.2 L 9.5 M 10 
        












F 575.1 F 548.9 F 12.8 F 15.5 
E 801.0 E 780.8 E 15.2 G 15.8 
G 1054.7 G 1015.0 G 17.6 E 21.1 
        












J 389.5 J 341.1 J 10.2 J 8.5 
K 738.4 I 577.4 I 12.5 I 10 
I 764.2 K 723.3 K 14.9 K 20.5 

















R 135553.5 R 133948.7 R 205.6 P 207 
P 168390.5 P 165556.3 P 228.7 R 222 
Q 332426.8 Q 322967.5 Q 318.1 Q 319 
O 1630837.5 O 1585334.0 O 699.8 O 564 













U 74674.2 U 69871.8 U 145.1 U 101.7 
T 135494.5 T 131489.3 T 203.1 T 202 
S 800939.7 S 774844.6 S 494.9 S 537 













X 43854.1 X 40033.1 X 110.7 X 128 
W 49764.8 W 46875.3 W 120.5 W 153.7 
Y 74462.9 Y 73538.2 Y 152.6 Y 165.6 
V 157291.0 V 140548.3 V 196.5 V 271 













AB 27751.3 AB 26956.6 AB 90.7 AB 70.1 
AA 41608.1 AA 36083.9 AA 104.5 AA 131.7 
Z 108766.4 Z 104982.2 Z 182.2 Z 180.8 
 
The area of the elliptical fit, the area of raw data, and the average resistivity were close matches in 
almost all cases with some minor differences for a few cores.  The results were sorted in excel and 
tabulated below.  Also, the percent difference was compared, but is likely more of a metric to be 
used to compare reliability of any given core result in terms of the predicated fiber alignment.  
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Finally, the results also match the R_90 value which shows it is likely a good indicator in predicting 
fiber dispersion.   
 














M 211.2 M 174.6 H 0.8 M 6.9 
N 282.6 N 263.8 K 2.1 N 8.8 
J 389.5 J 341.1 A 2.3 L 9.5 
L 419.5 L 377.2 E 2.6 J 10.2 
F 575.1 F 548.9 G 3.8 I 12.5 
K 738.4 I 577.4 F 4.7 F 12.8 
I 764.2 D 704.5 C 4.9 D 14.4 
D 785.6 K 723.3 N 6.9 K 14.9 
E 801.0 E 780.8 L 10.6 E 15.2 
G 1054.7 B 1004.5 D 10.9 B 17.5 
A 1145.9 G 1015.0 J 13.3 G 17.6 
B 1163.2 A 1119.3 B 14.6 A 18.2 
C 1286.8 C 1224.9 M 18.9 C 19.5 




















AB 27751.3 AB 26956.6 R 1.2 AB 90.7 
AA 41608.1 AA 36083.9 Y 1.2 AA 104.5 
X 43854.1 X 40033.1 P 1.7 X 110.7 
W 49764.8 W 46875.3 O 2.8 W 120.5 
Y 74462.9 U 69871.8 Q 2.9 U 145.1 
U 74674.2 Y 73538.2 AB 2.9 Y 152.6 
Z 108766.4 Z 104982.2 T 3.0 Z 182.2 
T 135494.5 T 131489.3 S 3.3 V 196.5 
R 135553.5 R 133948.7 Z 3.5 T 203.1 
V 157291.0 V 140548.3 W 6.0 R 205.6 
P 168390.5 P 165556.3 U 6.6 P 228.7 
Q 332426.8 Q 322967.5 X 9.1 Q 318.1 
S 800939.7 S 774844.6 V 11.2 S 494.9 
O 1630837.5 O 1585334.0 AA 14.2 O 699.8 
 
It will also be interesting to compare the global differences in fiber contents as the data was taken 
over a period of several hours and under varying conditions.  For example, the predictions on one 
panel section may be accurate but they may also match within the scope of the above two tables, 








APPENDIX C: MATLAB CODE TO PROCESSES RESISTIVITY DATA 
FILES 
 
function R = RR_all(FILE) 
%Garrett Popovics 2014 
%First convert Proceq file from .CSV to .XLS 
%Function then converts .XLS to Matlab data array 
%Removes all information (units, headers, etc.) leaving only data 
%% 





[n,nn]=size(Y); %size of Y, i.e. size of file 
Nr = (((n-5)-17)/30)+1; %number of readings, every 17th row 
%n is total file size, number of rows 
%nn is file size, number of columns 
%the last data line is five rows above 
%the data is in sequences of 30*(i-1)+17 for each i reading 
%thus: ( (n-5) - 17 )*(1/30) + 1  is total number of readings 
  
for i = 1:Nr %for each reading in file 
    var(i,:)=Y(30*(i-1)+17,2:nn); %dummy variable 
    %extract the corresponding row of Y 
    %data is in columns 2 through nn, number of rows in Y 
end 
  




for i = 1:m 
    for j = 1:mm 
        x=char(var(i,j)); 
        %%%Check for empty cells and replace with NAN 
        if isempty(x)==1 
            R(i,j)=NaN; 
        else       
             
        %%%Check for zero resistivity and replace with NAN 
        %%%This was used to correct for overload or lack of data 
        if R(i,j)==0 
            R(i,j)=NaN; 
        else       
             
        %%%convert var to character array 
        %%%remove unit characters from x 
        R(i,j)=sscanf(x,'%f%*c',[1 Inf]); 
         
        end 




APPENDIX D: MATLAB CODE FOR ELLIPTICAL FITTING 
 
Copyright (c) 2003, Ohad Gal 
All rights reserved. 
Redistribution and use in source and binary forms, with or without modification, are permitted 
provided that the following conditions are met: 
    * Redistributions of source code must retain the above copyright notice, this list of conditions 
and the following disclaimer. 
    * Redistributions in binary form must reproduce the above copyright notice, this list of 
conditions and the following disclaimer in the documentation and/or other materials provided 
with the distribution       
 
THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND 
CONTRIBUTORS "AS IS" AND ANY EXPRESS OR IMPLIED WARRANTIES, 
INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF 
MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE ARE 
DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT OWNER OR CONTRIBUTORS 
BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR 
CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT 
OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; OR 
BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF 
LIABILITY, WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING 
NEGLIGENCE OR OTHERWISE) ARISING IN ANY WAY OUT OF THE USE OF THIS 
SOFTWARE, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE. 
 
function [ellipse_t,rotated_ellipse] = fit_ellipse( x,y ,axis_handle ) 
% 
% fit_ellipse - finds the best fit to an ellipse for the given set of points. 
% 
% Format:   ellipse_t = fit_ellipse( x,y,axis_handle ) 
% 
% Input:    x,y         - a set of points in 2 column vectors. AT LEAST 5 
points are needed ! 
%           axis_handle - optional. a handle to an axis, at which the 
estimated ellipse  
%                         will be drawn along with it's axes 
% 
% Output:   ellipse_t - structure that defines the best fit to an ellipse 
%                       a           - sub axis (radius) of the X axis of the 
non-tilt ellipse 
%                       b           - sub axis (radius) of the Y axis of the 
non-tilt ellipse 
%                       phi         - orientation in radians of the ellipse 
(tilt) 
%                       X0          - center at the X axis of the non-tilt 
ellipse 
%                       Y0          - center at the Y axis of the non-tilt 
ellipse 




%                       Y0_in       - center at the Y axis of the tilted 
ellipse 
%                       long_axis   - size of the long axis of the ellipse 
%                       short_axis  - size of the short axis of the ellipse 
%                       status      - status of detection of an ellipse 
% 
% Note:     if an ellipse was not detected (but a parabola or hyperbola), 
then 








% We will try to fit the best ellipse to the given measurements. the 
mathematical 
% representation of use will be the CONIC Equation of the Ellipse which is: 
%  
%    Ellipse = a*x^2 + b*x*y + c*y^2 + d*x + e*y + f = 0 
%    
% The fit-estimation method of use is the Least Squares method (without any 
weights) 
% The estimator is extracted from the following equations: 
% 
%    g(x,y;A) := a*x^2 + b*x*y + c*y^2 + d*x + e*y = f 
% 
%    where: 
%       A   - is the vector of parameters to be estimated (a,b,c,d,e) 
%       x,y - is a single measurement 
% 
% We will define the cost function to be: 
% 
%   Cost(A) := (g_c(x_c,y_c;A)-f_c)'*(g_c(x_c,y_c;A)-f_c) 
%            = (X*A+f_c)'*(X*A+f_c)  
%            = A'*X'*X*A + 2*f_c'*X*A + N*f^2 
% 
%   where: 
%       g_c(x_c,y_c;A) - vector function of ALL the measurements 
%                        each element of g_c() is g(x,y;A) 
%       X              - a matrix of the form: [x_c.^2, x_c.*y_c, y_c.^2, 
x_c, y_c ] 
%       f_c            - is actually defined as ones(length(f),1)*f 
% 
% Derivation of the Cost function with respect to the vector of parameters 
"A" yields: 
% 
%   A'*X'*X = -f_c'*X = -f*ones(1,length(f_c))*X = -f*sum(X) 
% 
% Which yields the estimator: 
% 
%       
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
%       |  A_least_squares = -f*sum(X)/(X'*X) ->(normalize by -f) = 
sum(X)/(X'*X)  | 
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%       
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
% 
% (We will normalize the variables by (-f) since "f" is unknown and can be 
accounted for later on) 
%   
% NOW, all that is left to do is to extract the parameters from the Conic 
Equation. 
% We will deal the vector A into the variables: (A,B,C,D,E) and assume F = -
1; 
% 
%    Recall the conic representation of an ellipse: 
%  
%       A*x^2 + B*x*y + C*y^2 + D*x + E*y + F = 0 
%  
% We will check if the ellipse has a tilt (=orientation). The orientation is 
present 
% if the coefficient of the term "x*y" is not zero. If so, we first need to 
remove the 
% tilt of the ellipse. 
% 
% If the parameter "B" is not equal to zero, then we have an orientation 
(tilt) to the ellipse. 
% we will remove the tilt of the ellipse so as to remain with a conic 
representation of an  
% ellipse without a tilt, for which the math is more simple: 
% 
% Non tilt conic rep.:  A`*x^2 + C`*y^2 + D`*x + E`*y + F` = 0 
% 
% We will remove the orientation using the following substitution: 
%    
%   Replace x with cx+sy and y with -sx+cy such that the conic representation 
is: 
%    
%   A(cx+sy)^2 + B(cx+sy)(-sx+cy) + C(-sx+cy)^2 + D(cx+sy) + E(-sx+cy) + F = 
0 
% 
%   where:      c = cos(phi)    ,   s = sin(phi) 
% 
%   and simplify... 
% 
%       x^2(A*c^2 - Bcs + Cs^2) + xy(2A*cs +(c^2-s^2)B -2Ccs) + ... 
%           y^2(As^2 + Bcs + Cc^2) + x(Dc-Es) + y(Ds+Ec) + F = 0 
% 
%   The orientation is easily found by the condition of (B_new=0) which 
results in: 
%  
%   2A*cs +(c^2-s^2)B -2Ccs = 0  ==> phi = 1/2 * atan( b/(c-a) ) 
%    
%   Now the constants   c=cos(phi)  and  s=sin(phi)  can be found, and from 
them 
%   all the other constants A`,C`,D`,E` can be found. 
% 
%   A` = A*c^2 - B*c*s + C*s^2                  D` = D*c-E*s 
%   B` = 2*A*c*s +(c^2-s^2)*B -2*C*c*s = 0      E` = D*s+E*c  




% Next, we want the representation of the non-tilted ellipse to be as: 
% 
%       Ellipse = ( (X-X0)/a )^2 + ( (Y-Y0)/b )^2 = 1 
% 
%       where:  (X0,Y0) is the center of the ellipse 
%               a,b     are the ellipse "radiuses" (or sub-axis) 
% 
% Using a square completion method we will define: 
%        
%       F`` = -F` + (D`^2)/(4*A`) + (E`^2)/(4*C`) 
% 
%       Such that:    a`*(X-X0)^2 = A`(X^2 + X*D`/A` + (D`/(2*A`))^2 ) 
%                     c`*(Y-Y0)^2 = C`(Y^2 + Y*E`/C` + (E`/(2*C`))^2 ) 
% 
%       which yields the transformations: 
%        
%           X0  =   -D`/(2*A`) 
%           Y0  =   -E`/(2*C`) 
%           a   =   sqrt( abs( F``/A` ) ) 
%           b   =   sqrt( abs( F``/C` ) ) 
% 
% And finally we can define the remaining parameters: 
% 
%   long_axis   = 2 * max( a,b ) 
%   short_axis  = 2 * min( a,b ) 





orientation_tolerance = 1e-3; 
  
% empty warning stack 
warning( '' ); 
  
% prepare vectors, must be column vectors 
x = x(:); 
y = y(:); 
  
% remove bias of the ellipse - to make matrix inversion more accurate. (will 
be added later on). 
mean_x = mean(x); 
mean_y = mean(y); 
x = x-mean_x; 
y = y-mean_y; 
  
% the estimation for the conic equation of the ellipse 
X = [x.^2, x.*y, y.^2, x, y ]; 
a = sum(X)/(X'*X); 
  
% check for warnings 
if ~isempty( lastwarn ) 
    disp( 'stopped because of a warning regarding matrix inversion' ); 
    ellipse_t = []; 





% extract parameters from the conic equation 
[a,b,c,d,e] = deal( a(1),a(2),a(3),a(4),a(5) ); 
  
% remove the orientation from the ellipse 
if ( min(abs(b/a),abs(b/c)) > orientation_tolerance ) 
     
    orientation_rad = 1/2 * atan( b/(c-a) ); 
    cos_phi = cos( orientation_rad ); 
    sin_phi = sin( orientation_rad ); 
    [a,b,c,d,e] = deal(... 
        a*cos_phi^2 - b*cos_phi*sin_phi + c*sin_phi^2,... 
        0,... 
        a*sin_phi^2 + b*cos_phi*sin_phi + c*cos_phi^2,... 
        d*cos_phi - e*sin_phi,... 
        d*sin_phi + e*cos_phi ); 
    [mean_x,mean_y] = deal( ... 
        cos_phi*mean_x - sin_phi*mean_y,... 
        sin_phi*mean_x + cos_phi*mean_y ); 
else 
    orientation_rad = 0; 
    cos_phi = cos( orientation_rad ); 
    sin_phi = sin( orientation_rad ); 
end 
  
% check if conic equation represents an ellipse 
test = a*c; 
switch (1) 
case (test>0),  status = ''; 
case (test==0), status = 'Parabola found';  warning( 'fit_ellipse: Did not 
locate an ellipse' ); 
case (test<0),  status = 'Hyperbola found'; warning( 'fit_ellipse: Did not 
locate an ellipse' ); 
end 
  
% if we found an ellipse return it's data 
if (test>0) 
     
    % make sure coefficients are positive as required 
    if (a<0), [a,c,d,e] = deal( -a,-c,-d,-e ); end 
     
    % final ellipse parameters 
    X0          = mean_x - d/2/a; 
    Y0          = mean_y - e/2/c; 
    F           = 1 + (d^2)/(4*a) + (e^2)/(4*c); 
    [a,b]       = deal( sqrt( F/a ),sqrt( F/c ) );     
    long_axis   = 2*max(a,b); 
    short_axis  = 2*min(a,b); 
  
    % rotate the axes backwards to find the center point of the original 
TILTED ellipse 
    R           = [ cos_phi sin_phi; -sin_phi cos_phi ]; 
    P_in        = R * [X0;Y0]; 
    X0_in       = P_in(1); 
    Y0_in       = P_in(2); 
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    % pack ellipse into a structure 
    ellipse_t = struct( ... 
        'a',a,... 
        'b',b,... 
        'phi',orientation_rad,... 
        'X0',X0,... 
        'Y0',Y0,... 
        'X0_in',X0_in,... 
        'Y0_in',Y0_in,... 
        'long_axis',long_axis,... 
        'short_axis',short_axis,... 
        'status','' ); 
else 
    % report an empty structure 
    ellipse_t = struct( ... 
        'a',[],... 
        'b',[],... 
        'phi',[],... 
        'X0',[],... 
        'Y0',[],... 
        'X0_in',[],... 
        'Y0_in',[],... 
        'long_axis',[],... 
        'short_axis',[],... 
        'status',status ); 
end 
  
% check if we need to plot an ellipse with it's axes. 
if (nargin>2) & ~isempty( axis_handle ) & (test>0) 
     
    % rotation matrix to rotate the axes with respect to an angle phi 
    R = [ cos_phi sin_phi; -sin_phi cos_phi ]; 
     
    % the axes 
    ver_line        = [ [X0 X0]; Y0+b*[-1 1] ]; 
    horz_line       = [ X0+a*[-1 1]; [Y0 Y0] ]; 
    new_ver_line    = R*ver_line; 
    new_horz_line   = R*horz_line; 
     
    % the ellipse 
    theta_r         = linspace(0,2*pi); 
    ellipse_x_r     = X0 + a*cos( theta_r ); 
    ellipse_y_r     = Y0 + b*sin( theta_r ); 
    rotated_ellipse = R * [ellipse_x_r;ellipse_y_r]; 
     
    % draw 
    hold_state = get( axis_handle,'NextPlot' ); 
    set( axis_handle,'NextPlot','add' ); 
    plot( new_ver_line(1,:),new_ver_line(2,:),'r' ); 
    plot( new_horz_line(1,:),new_horz_line(2,:),'r' ); 
    plot( rotated_ellipse(1,:),rotated_ellipse(2,:),'r', x,y ,'-o' ); 
    set( axis_handle,'NextPlot',hold_state ); 
end 
 
